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ABSTRACT
Five interrelated subjects a*A discussed. First, the aqueous 
solutions of 15 alkyl-substituted benzene compounds, 6 alkyl-substituted 
aniline compounds, and nitrobenzene were studied. Solubility-as-a 
function-of-temperature data are given as empirical polynomial expres­
sions. Values for the free energy, enthalpy, and entropy of solution 
at 25°C. are determined for the 22 compounds. Comparisons are made 
with the observations of other workers. Correlations with current 
water-structure theories are made and discussed.
Secondly, heats of solubilization, AH, for these 22 compounds 
used as solubilizates in aqueous solutions of hexadecyltrimethyl- 
ammonium bromide (HTMAB), were determined. A correlation of these 
values is made with the solubilizate's molecular structure. In general 
AH has a magnitude of less than 1 kcal/mole and is negative, increasing 
toward zero as the bulk of the solubilizate molecule increases. The 
solubilization capacity, defined as the ratio of solubilizate molecules 
to HTMAB monomers contained in the micelle which is saturated with 
solubilizate, was determined for each of the solubilizates. This ratio 
varies from 2.8 for benzene to 0.5 for N,N-dipropylaniline and was 
found to be a general function of solubilizate molar volume.
Thirdly, a differential-refractive-index method of determining 
solubilization capacity is examined and compared with the more 
conventional spectrophotometric method. __
The fourth area of investigation is concerned with the variation 
of micellar molecular weights, MMW, for micelles which contain 
solubilizate, as the solubilizate concentration is varied. The 
MMW for HTMAB, free of solubilizate, is 16,000 ± 500. The MMW for 
this detergent, with the system saturated with benzene, in 25,800 ± 200. 
The conclusion reached is that benzene becomes incorporated into the 
HTMAB micelle which, in turn, retains its original number of detergent 
monomers.
Finally, the effects of solubilizate polarity on the viscosity 
of a detergent-solubilizate solution is discussed. Nonpolar benzene, 
when used as a solubilizate, causes the detergent solution to become 
more viscous than does a corresponding amount of polar nitrobenzene.
An association of these results, together with those of the micellar- 
molecular-weight and other studies, is made with the well known 
semiempirical viscosity relationship, 11 =■ KM . Conclusions are 
drawn from this association concerning the geometry of the micelle 
and the solubilization mechanism,
A model is proposed for the micelle and a solubilization 
mechanism is suggested. On the basis of this proposed model and 
mechanism, predictions and suggestions for additional work are made.
CHAPTER I
GENERAL INTRODUCTION
Solutions of colloidal electrolytes, above a certain critical 
concentration, are able to bring materials, which are ordinarily 
insoluble, into solution. This phenomenon is known as solubilization. 
The solubilization mechanism is not well understood. An introduction 
to solubilization and related phenomena is given by McBain and 
Hutchinson.1
This dissertation will elaborate on five separate subjects which 
are interrelated and, in general, are concerned with solubilization. 
First the structure of water and the aqueous solutions of aromatic 
compounds will be discussed. Secondly, the heats of solubilization 
of organic materials solubilized by a detergent solution will be 
considered. Thirdly, a new method of determining the solubilization 
ability of a detergent will be presented. In addition, micellar 
molecular weights, for systems that contain a detergent plus 
solubilized material, will be examined. Finally, the effects of 
solubilizate polarity on detergent-solution viscosity will be 
discussed.
Following the presentation of these interrelated subjects, a 
general discussion will be given in which conclusions, proposals, 
and predictions will be made.
1 M. McBain and E. Hutchinson, Solubilization, (New York, 
Academic Press, 1955)*
CHAPTER II
WATER STRUCTURE AMD AQUEOUS SOLUTIONS OF AROMATIC COMPOUNDS
A. Introduction
The unusual physical properties that are observed for liquid water 
suggest that water has a structure that is substantially different from 
that of most liquids. Some of the unique properties are the high 
melting and boiling points, the high heat capacity, the decrease in 
molar volume with melting as well as the volume decrease which is 
observed upon going from 0° to 4°C., and the character of aqueous 
solutions.
As early as the nineteenth century workers were able to explain
many of these anomolous properties of water by. assuming that water
molecules were associated. Probably the first to consider liquid 
water to have at least a partial ice-like character was Whiting2
who, in 1884, spoke of "solid particles" in liquid water. A review of
early water-structure theories is given by Chadwell.3 These earlier 
approaches attempted to explain the properties of water by theorizing 
that the association was essentially polymers consisting of a few 
molecules.
2 Whiting, A Theory of Cohesion, (Cambridge, Mass: 
Harvard University, 1884).
3 H. M. Chadwell, Chem. Revs., IV (192?), 375.
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Today there is general agreement that the association in liquid 
water is due to interactions between the molecules and that these 
interactions are essentially those of hydrogen bonding. This idea was 
originally proposed by Latimer and Rodebush.4 Barnes,5 using x-ray 
and other techniques, showed that the crystal structure of ice involves 
tetrahedral bonding and has essentially the same arrangement that is 
found in tridymite. Although no exact theory of liquid water has been 
forthcoming, the model that is generally accepted today is that 
proposed by Bernal and Fowler.6 This model is based on a broken down 
ice structure in which most of the hydrogen bonding remains intact. 
Rather than the tridymite type structure, one similar to that of quartz 
is suggested. The hydrogen bonding is believed to break down gradually 
with temperature increase, and an approach to a close packed structure 
is made.
Nemethy and Scheraga7 have recently provided a review of several 
models that have been proposed for water structure. They point out 
the advantages of the Frank-Wen "flickering cluster" model in which 
the hydrogen bonds are not broken singly; rather several are broken in 
a concerted manner producing short-lived "clusters" in which hydrogen
4 W. M. Latimer and W. H. Rodebush, J. Amer. Chem. Soc.,
xcii (1920), 1^19.
5 W. H. Barnes, Proc. Roy. Soc. (London), A125 (1929) 670.
6 J. D. Bernal and R. H. Fowler, J. Chem. Phys., I (1933)» 515*
7 G. Nemethy and H. A. Scheraga, J. Chem. Phys., XXXVI (1962),
3382.
bonding is highly pronounced. These "clusters" in turn are surrounded 
by non-hydrogen-bonded water molecules. Using this model as a basis, 
and doing a statistical thermodynamic treatment, these authors have 
derived the thermodynamic properties of liquid water and find good 
agreement with many experimental observations.
Nemethy and Scheraga8 have extended the theoretical treatment 
discussed above to include the structure and the thermodynamic properties 
of aqueous solutions of hydrocarbons. The outstanding thermodynamic 
anomaly that one finds associated with such solutions is the observed 
negative enthalpy of solution. If one considers that the hydrocarbon- 
hydrocarbon and hydrocarbon-water interactions are much weaker than 
the water-water interaction then one would obviously expect a positive 
enthalpy of solution over that of ideal mixing. The limitation of 
solubility is accounted for by the large negative excess entropy 
of solution over that of ideal mixing. The net result is a large 
positive AG° and therefore a resulting low solubility.
F.rank and Evans9 have made a detailed consideration of nonpolar 
solutes in water. They suggest that the water molecules are more 
ordered when they are in the neighborhood of nonpolar solute molecules, 
i.e., a higher degree of hydrogen bonding exists. These authors refer 
to this concept as "iceberg formation". The negative enthalpy and
8 G. Nemethy and H. A. Scheraga, J. Chem. Phys., XXXVI (1962), 5̂ 01.
9 H. S.. Frank and M. W. Evans, J. Chem. Phys., XIII 
(19̂ 5), 50T-
entropy can be explained with this model. If one assumes that these 
"icebergs" tend to "melt" as the temperature increases, other observed 
properties, such as high partial molal heat capacities, can be explained.
Nemethy and Scheraga10 obtained good agreement When they compared 
their theoretically-calculated thermodynamic values with values 
determined experimentally by other workers.
Recently McAuliffe11 has obtained solubility-in-water data for 
paraffin, cycloparaffin, olefin, acetylene, cycloolefin, and aromatic 
hydrocarbons at 25°C. and has related the solubility to molar volumes.
The purpose for obtaining solubility data for aqueous solutions 
of aromatic compounds is threefold. First, the information obtained 
will be used to test the adequacy of the approach of Nemethy and 
Scheraga. Secondly, a comparison with observations of other workers, 
wherever possible, will be made. Finally, the solubility information 
will be used in the study of solubilization heats of organic materials 
solubilized by a detergent.
10 G. Nemethy and H. A. Scheraga, J. Chem. Phys., XXXVI
(1962), 3^01.
11 C. McAuliffe, J. Phys. Chem., LXX (1966), I267.
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B . Experimental
Reagent grade aromatic compounds were studied. Solutions were 
prepared in ampoules, each of which was about 2 cm in diameter and 
had a body of about 10 cm in length. The lower portion of the ampoule 
was pulled and tapered to give a sealed tip of about 2 mm diameter.
A. piece of 6 mm glass tubing was sealed to the upper portion of the 
ampoule. Approximately 10 ml of triply-distilled water was placed 
in an ampoule together with a slight excess of the selected aromatic 
compound. The ampoule was then sealed and placed in a constant 
temperature bath that could be controlled to within 0.2°C. The 
ampoule was shaken for 2 minutes at intervals of about an hour over 
a 1 - 2 week period. Triplicate studies were made for each compound.
At the conclusion of the equilibration period of 1 - 2 weeks, 
the ampoule was opened and 5 ml of the aqueous layer was transferred 
to a flask which contained 5 ml of spectrograde cyclohexane. This 
flask was then shaken with a wrist action shaker for two days. The 
cyclohexane layer was then analyzed spectrophotometrically for the 
aromatic compound. The flasks were provided with gound glass 
stoppers and the loss of material during shaking was negligible.
The distribution of the aromatic compound between the aqueous phase 
and cyclohexane is discussed later.
The following compounds were studied: benzene, toluene, o-xylene, 
m-xylene, £-xylene, mesitylene, ethylbenzene, £-diethylbenzene, 
nj-diethylbenzene, £-diethylbenzene, 1,3,5-triethylbenzene, iso- 
propylbenzene, n-propylbenzene, n-butylbenzene, tert-butylbenzene,
N-methylaniline, N,N-dimethylaniline, N-ethylaniline, N,N-diethyl- 
aniline, N-propylaniline, N,N-dipropylanine, and nitrobenzene.
Data analysis was performed with an IBM Model 1620 computer. 
Standard states were based on the following limiting concepts. The 
activity of the aromatic compound, RHi, approaches the mole fraction 
of RHi as the mole fraction approaches unity and the activity of the 
solvated aromatic compound, RHaq, approaches the mole fraction of 
KHaq as that mole fraction approaches zero. With these standard state 
definitions, the reaction can be represented as
RHi(X=l, T, P = 1  atm.) -* RHaq(X=sat'd sol'n, T,P=1 atm.)
C. Results
Table 1 gives the solubility of aromatic hydrocarbons in water 
as a function of temperature. The solubility is expressed as a 
polynomial of the type S = A + Bt + Ct2 in which S is the solubility 
in grams per liter and t is degrees centigrade. Relative standard 
error at 25°C., as well as the solubility at that temperature, are 
also included.
Table 2 gives similar solubility data for some nitrogen containing 
aromatic compounds.
Table 3 gives standard free energies, standard enthalpies, and 
standard entropies of mixing saturated,solutions of the compounds 
listed in Table 1. Similar information, for the compounds listed in 
Table 2, is given in Table k.
Table 5 provides a comparison of theoretically calculated 
thermodynamic values with observed values for the transfer of pure 
benzene, toluene, ehtylbenzene, m-xylene, £-xylene, and iso-propylbenzene 
to a saturated aqueous solution. The purpose of this table is to 
permit a comparison of the data obtained during this investigation 
with that of other workers in order that some conclusions can be 
reached as to the reliability of these as well as the other data.
All values reported in Table 5 are based on the definition of 
standard states that was given earlier.
Appendix A tabulates observed solubilities at the experimental 
temperatures as well as calculated solubilities, which are obtained
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TABLE 1
SOLUBILITY OF AROMATIC HYDROCARBONS IN WATER
The solubility is expressed as a polynomial S = A + Bt + Ct2 
in which S is solubility in grams per liter and t is degrees
centigrade.
g at Relative Standard
Compound A x 102 B x 103 C x 105 25°C. ErxoT at 25°c*(percentage;
benzene 205 -17 .k 37-7 1.85 1+
toluene 61.7 - 6.20 15.6 0.563 5
£-xylene 22.1 - 3.05 7*97 0.196 9
m-xylene 17-9 - 1.81+ 1+.83 0.161+ 2
£-xylene 20.2 - 1.96 5-96 0.191 5
mesitylene 11.7 - 0.718 1.1+8 0.108 15
ethylbenzene 20.6 - 3.36 7.98 0.171 8
£-diethylbenzene 21.5 - 3-3̂ 5.80 O.I69 ll+
m- d i e thylbenzene 8.05 - 0.3I+9 1.20 0.080 23
£-diethylbenzene 8.68 - 1.1+3 2.21 0.065 9
1,3 > 5-triethylbenzene 5.10 - 1.86 3.28 0.026 51
iso-propylbenzene 28.1+ - 3.^3 8.03 0.213 20
n-propylbenzene 8.90 - 1.46 3.20 0.073 12
n-butylbenzene 6.21 - 1.76 3.02 O.O38 28
tert-butylbenzene 1+.1+8 - 0.698 1.51+ 0.037 11+
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TABLE 2
SOLUBILITY OF NITROGEN CONTAINING AROMATIC COMPOUNDS IN WATER
The solubility is expressed as a polynomial S = A + Bt + Ct2 
in which S is the solubility in grams per liter and t is degrees
centigrade*




Error at 25°C. 
(percentage)
N -me thy1ani1ine 6jk -12.1 132 5.75 6
N,N-d imethy1ani1ine 154 -11.k 31.6 1.31 7
N-ethylaniline 325 -37.6 51.1 2.6k 3
N,N-diethylaniline 21.2 - 5.O8 4.76 1.65 5
N-propylaniline 112 -16.1 22.9 O.858 6
N,N-dipropylaniline 5.33 - I.56 1.82 0.026 16
nitrobenzene 126 - 8.12 5 6.b 1.45 10
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TABLE 3
STANDARD FREE ENERGIES, STANDARD ENTHALPIES. AND STANDARD 
ENTROPIES OF MIXING SATURATED SOLUTIONS OF AROMATIC
HYDROCARBONS
AG° and AH° values are given as calories per mole;
AS° values are given as calories per degree-mole.
Compound AG° ’AH0 'AS°
benzene 1+590 ± 60 ll+O ± 10 -15.0 0.2
toluene 51+00 90 500 ± 10 -16.1+ ± 0.3
^-xylene 6110 ± 130 860 ± 20 -17.6 ± 0.1+
m-xylene 6210 ± 60 630 ± 10 -18.7 ± 0.2
£-xylene 6120 ± 100 960 ± 20 -IT.3 ± 0.3
mesitylene 6530 ± 180 1+0 ± 10 -21.8 ± 0.6
ethylbenzene 6180 ± 130 650 ± 10 -18.6 ± 0.1+
o-diethylbenzene 631+0 ± 160 1+60 ± 10 -22.8 ± 0.6
m- d i e thylb enz ene 0CO& ± 210 570 ± 20 -20.9 ± 0.7
ja-dietfaylbenzene. v. 6900 ± 150 870 ± 20 -26.1 ± 0.6
1,3,5“triethylbenzene 7580 ± 290 1580 ± 60 -30.7 ± 1-3
iso-propylbenzene 601+0 ± 180 1+20 ± 10 -I8.9 ± 0.6
n-propylb enz ene 6760 ± 170 3I+O ± 10 -21.6 dt 0.6
n-butylbenzene 7230 ± 2l+0 1170 ± l+o -28.2 ± 0.9
tert-butylbenzene 7230 ± 190 360 ± 10 -23.1 ± 0.6
TABLE 4
12
STANDARD FREE ENERGIES, STANDARD ENTHALPIES, AND STANDARD 
ENTROPIES OF MIXING SATURATED SOLUTIONS OF NITROGEN 
CONTAINING COMPOUNDS
AG° and AH0 values are given as calories per mole;
AS0 values are given as calories per degreennole.
Compound AG AH'o AS
N-methylaniline






4110 ± 70 
5060 ± 100 
4650 ± 50 
6410 ± 100 
5580 ± 100 
7610 ± 210 
5020 ± 120
- 210 ± 10 
- 210 ± 10 
- 810 ± 10
- 750 ± 10
- 960 ± 20 
-4430 ± 120 
■2520 ± 60
-14 .5  ± 0.3
-17 .7  ± 0 . 3  
-1 8 .3  ± 0 . 2  
-2 4 .0  ± 0 . 4  
-2 1 .3  ± 0 .4  
-4 o .4  ± 1.5 
- 8 .4  ± 0 .2
TABLE 5
I
COMPARISON OF OBSERVED AND CALCULATED THERMODYNAMIC VALUES 
FOR THE MIXING OF SOME AROMATIC HYDROCARBONS IN WATER AT 25°C.
Other Observed*   This W o r k ____________ Calculated**
Compound AG° Ah0 AS° AG° AH° AS° AG° AH0 AS0
benzene *4610 580 -13.5 *4590 1*40 -15.0 I465O 570 -13.7
toluene 5350 6*40 -15*7 5*400 500 -i6.*4 5350 650 -15.7
ethylbenzene 6070 ■ 390 -19.0 6180 650 -18.6 6080 970 -17.1
m-xylene 6110 *4-10 -19.1 6210 630 -18.7 6100 780 -17.8
£-xylene 6120 hGo -19.0 6120 960 -17.3 6100 780 -17.8
iso-propyl-
benzene 6760 IQ60 -19.1 60*40 **20 -18.9 6780 1060 -19.2
* "Other observed" values are from R. L. Bohon and W. F. Claussen, J. Am. Chem. Soc., LXXIII 
(1951), 15T1 and D. M. Alexander, J. Phys. Chem., LXIII (1959). 1021.
** G. Nemethy and H. A. Scheraga, J. Chem. Phys. , XXXVI (I962) , 3*401.
Ik
from the derived polynomial expression, at the respective temperatures.
The second degree polynomial expression was chosen to represent 
the experimental data in preference to the corresponding third degree 
expression. The third degree expression produced practically the same 
standard-deviation error as did the second degree expression; frequently 
the error for the third degree expression was actually increased by a 
slight amount over the corresponding error for the second degree 
expression. In addition, a plot of calculations from both the second 
and third degree expressions, when compared with the actual experimental 
data points, indicated the second degree expression was as good, and 
perhaps better in some cases, at fitting the experimental data, as 
the third degree expression. Since a second degree power series 
expression offers the additional advantage of being easier to work 
with than a corresponding third degree expression, the second degree 
polynomial expression is used throughout this work.
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D. Discussion
The general conclusion to which this work points is that the 
water-structure model proposed by Nemethy and Scheraga, which was 
in turn based on the Frank and Wen "flickering cluster" model, is 
adequate to explain the thermodynamic parameters for the solution 
of hydrocarbons in water.
The small, and sometimes negative, enthalpies of solution, coupled 
with the low solubilities of these aromatic compounds in aqueous solutions 
appear peculiar. This anomaly can be explained by the previously 
proposed structure-of-water model. This model considers some water 
molecules to be in hydrogen-bonded clusters which are surrounded by 
non-hydrogen-bonded water molecules which are, however, capable of 
dipole and van der Waals interactions. When hydrocarbons and similar 
substances are mixed into the water there is a redistribution of the 
energy levels of the hydrogen bonds which in turn control the cluster 
size. This results in a corresponding redistribution of the water 
molecules which are immediately adjacent to the hydrogen. The fundamen­
tal assumption that is made in this model is that there is a distinctly 
higher probability of finding a water cluster in the immediate neighbor­
hood of a solute molecule.
Previous observers have found negative enthalpies of solution 
for aliphatic hydrocarbons in water. In this work, as well as in that 
of other observers, small, positive enthalpies of solution for aromatic 
hydrocarbons in water have been found. Some rationalization for this
difference is necessary. A possible explanation follows. The 
interaction between the dipoles of water molecules and the TT-electron 
cloud of the aromatic rings will be considerably stronger than the 
van der Waals interaction between water molecules and aliphatic 
hydrocarbon molecules. The result is that there will be more of a 
redistribution of the water molecules about an aliphatic hydrocarbon 
molecule than around an aromatic hydrocarbon molecule. The probability 
of finding a cluster about an aliphatic group is going to be greater 
then that about an aromatic group. This effect leads to a negative 
enthalpy of solution in the case of aliphatic hydrocarbons and a 
small, sometimes close to zero, value for the enthalpy of solution 
for aromatic hydrocarbons. This additional clustering leads to 
negative net entropies of solution. This was observed in all cases 
studied throughout this work, with values ranging from -.15 e.u. for 
benzene and N-me thylaniline to 4i0 e.u. for N,N-dipropylaniline.
It was observed that the aliphatic-substituted anilines do, as the 
aliphatic hydrocarbons, have a negative enthalpy of solution. A 
specific conclusion that can be reached, considering the experimental 
observations of this work in conjunction with the above argument, 
is that if aliphatic groups are attached directly to an aromatic 
ring, clustering occurs essentially as one would expect for an aromatic 
ring alone. If, however, the aliphatic groups are attached through a 
nitrogen atom to an aromatic ring, .as one finds in the aliphatic- 
substituted anilines, the opposite effect is observed and more
extensive clustering occurs about this type of aliphatic group than 
it does about the former. This seems plausible when one considers that 
if the water molecule is close enough to interact with an aliphatic group 
that is attached directly to an aromatic ring, then there should be 
ample spacial opportunity for interactions with the TT-electron cloud of 
the aromatic ring. This would not necessarily be true if the aliphatic 
group were attached to the aromatic ring through a nitrogen atom. 
Apparently, the aliphatic group is far enough removed that the influence 
of the aromatic ring is negligible. This further supports the approach 





Relatively little work and consideration has been devoted to 
temperature coefficients of solubilization for soap systems.
S. U. Pickering12 reported in 1917 that 2 - moles of benzene 
were solubilized per mole of potassium stearate, palmitate, or oleate. 
The amount solubilized increased with temperature. J. H. W. Booth13 
noticed that the shape of the miscibility diagram for the soap-cresol- 
water system was affected by temperature changes.
In general, it has been known for several years that certain 
colloidal electrolytes are capable of dissolving materials, such as 
hydrocarbons, which are generally regarded as water insoluble. This 
is true providing that the concentration of the colloidal electrolyte 
is above a certain critical value (the critical micelle concentration 
of CMC). That such a critical value exists and that there are distinct 
changes' in the thermodynamic properties of the system at this critical 
micelle concentration, strongly suggest that some type of aggregation 
is starting to occur at the CMC. The solubilization properties of 
such a system are attributed to this aggregation.
12 S. U. Pickering, J. Chem. Soc., CXI (1917)> 86.
13 J. H. W. Booth, Chemistry and Industry, LVI (1937)» 1120.
Two principal models have been proposed for these aggregates.
G. S. Hartley14 suggested that the aggregates form a spherical micelle 
which is perhaps rather loosely organized but in any event is oriented 
with its long organic chains directed toward the center of the sphere. 
The exterior of the sphere has a high charge density surrounded by 
gegenions of counter charges. J. W. McBain15 has proposed a lamellar 
micelle which differs from the spherical model in important aspects 
other than that of shape. McBain*s model is regarded as having a much 
smaller electrical charge compared with that of the spherical model. 
Other models have been suggested and considerable evidence has been 
accumulated indicating that these aggregates can take on a variety of 
shapes, including long rods.16’17 ,ls
Since aggregates of some nature appear to form, some method or 
methods for treating the system thermodynamically must be developed.
One can regard the aggregation as being as association which should 
behave according to the law of mass action, or alternatively, one can 
regard the aggregation as a phase separation in which case two-component 
solution thermodynamics is applicable.
14 G. S. Hartley, Aqueous Solutions of Paraffin Chain Salts, 
(Paris: Hermann et Cie, I936).
15 J. W. McBain, Colloid Science (Boston: Heath and Co., 1950)'.
16 P. Debye and E. W. Anacker, J. Phys. and Colloid Chem., LV 
(1951), 6&.
17 W. D. Harkins and R. Mittelmann, J. Colloid Sci., IV (19^9)>
367.
18 J. L. Onclay, Ann. N. Y. Acad. Sci., XLl (19^1), 121.
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Hutchinson, Inaba, and Baley19 have treated solubilization as
micellar solution into a separate phase, to which the normal laws
of physical chemistry apply. They were able to show that the observed
properties of several systems of dilute solutions were consistent
with such a treatment. These authors suggest that the equation
,a In Sy _ AH 
C ** = Rl2 ’
in which S is the maximum solubility of an additive in a micelle and
AH is the heat of solubilization, is applicable.
Recently Elworthy and Mysels20 considered the changes in the activity 
of sodium dodecylsulfate with concentration increase above the CMC and 
questioned the validity of the phase- separation theory of micelle 
formation.
The purpose of this work was to treat an aqueous detergent-
organic-solubilizate system as a two phase system and to then determine
and correlate the heats of solubilization for various solubilizates.
A word about the detergent that was studied, hexadecyltrimethyl- 
ammonium bromide (HTMAB), is in order. This detergent has a history 
of resisting study by giving aqueous solutions which apparently 
are not always well behaved. Debye and Anacker21 report that solid
19 E. Hutchinson, A. Inaba, and L. G. Baley, Z. Physik 
Chem. (Frankfurt), V (1955)> 3^ .
20 P. H. Elworthy and K. J. Mysels, J. Colloid Sci., XXI 
(1966), 331. ' _
21 P. Debye and E. W. Anacker, J. Phys. and Colloid Chem., 
LV (1951). 6Mu
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HTMAJB precipitates out of solution at temperatures below 30°C.
Tartar22 experienced difficulties and reports that HTMAB solutions 
could not be studied for their purpose unless there was a-minimum 
of 0.003 moles per liter of sodium bromide present. That author 
reported the results at 30°C. and left the behavior below that 
temperature somewhat in doubt. Scott and Tartar23 had previously 
studied the electrolytic properties of aqueous HTMAB solutions at 
25°C. and reported no problems, Fineman and McBain24 investigated the 
osmotic behavior of aqueous HTMAB solutions at 25°C. and, although 
they report no specific problems state that they found "appreciable 
uncertainty" in the results for aqueous HTMAB solutions of less than 
0.05 molality.
The problem that we are probably concerned with in these situations 
is that of a relatively high Krafft point. The Krafft point is defined 
as that temperature at which there is a rapid change in the temperature 
coefficient of solubility for an electrolyte. It can be regarded as 
the temperature at which there is an equilibrium between the micelles 
and the crystalline colloidal electrolyte. The Krafft point is 
essentially the freezing point of the micelle. It is found that as
22 H. V. Tartar, J. Colloid Sci., XIV (1959), H 5.
23 A. B. Scott and H. V. Tartar, J. Am. Chem. Soc., LXV (19^3),
692.
24 M. N. Fineman and J. W. McBain, J. Phys. and Colloid Chem., 
LII (19^8), 881.
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the chemical potential of the solvent is lowered by the addition of a
second component, the Krafft point is lowered.25’26,27’28,29
One generally observes a steady increase in the micellar weight
of nonionic surfactants as the temperature of the solution is increased
and it seems possible that some sort of micelle exists below the
Krafft point in such systems. However, one does not observe such a
rapid change in the micellar weight of ionic surfactants, such as HTMAB,
as the temperature is increased at temperatures near but above the Krafft
point. Rather the micellar molecular weight rapidly converges to some
value that remains more or less constant as the temperature is increased.
Furthermore, there is no direct experimental evidence for the existence
of micelles at temperatures below the Krafft point in the case of ionic
surface active agents.30 These factors lead to the conclusion that
there are no stable HTMAB micelles in aqueous solution below the
Krafft point. This does not rule out the possibility of the metastable
existence of micelles or even of solid microcrystals.
25 P. Elswall, Kolloid-Z., LXXX (1937), 77,99*
26 E. Engelescu and D. Popescu, Kolloid-Z., LI (1930), 247.
27 L. W. Smith, J. Phys. Chem., XXXVI (1932), 1401,1672,2455.
28 R. C. Merrill, J. Phys. Chem., LIV (1950), 482.
29 L.  Shedlovsky, G. D. Miles, and G. V. Scott, J .  Phys. Chem.,
LI (1947), 391*
30 K. Shinoda, T. Nakagawa, B. Tamamushi, and T. Isemura, 
Colloidal Surfactants, (New York, Academic Press, I963), p. 130.
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A problem that arises in solubilization work with volatile materials 
is the possibility of evaporation. If such a system under study is to 
remain in thermodynamic equilibrium one would expect to maintain the 
appropriate partial pressure for the volatile component. Otherwise, 
evaporation could be expected. The question arises as to the magnitude 
of this required partial pressure.
McBain and O'Connor31 were able to show that, in the case of 
hydrocarbons as solubilizates, the solubilizate's vapor pressure is 
actually lower when in the solubilized state than when in the pure 
state. Tobolsky and Ludwig32 have refuted the work of those authors 
concluding that the observations of McBain and O'Connor were due to 
the presence of small quantities of hydrocarbon-like impurities in 
their soap systems.
Inoue and Nakagawa33 did a nuclear magnetic resonance study of
aqueous surfactant systems and concluded that surfactant molecules in
*
a micelle undergo a rapid exchange with those in the bulk water phase.
If such is indeed the case, one might tend to predict little if any 
vapor pressure lowering upon the solubilization of a volatile material. 
One would instead predict rapid evaporation of a solubilized volatile 
material. By similar reasoning one would also predict rapid equilibra­
tion of volatile solubilizates.
31 J. W. McBain and J. J. O'Connor, J. Am. Chem. Soc.,
LXII (19^0), 2855.
32 A. V. Tobolsky and B. J. Ludwig, Amer. Sci., LI (I963), 400.
33 H. Inoue and T. Nakagawa, J. Phys. Chem., LXX (1966), 1108.
Solubilization Capacity
There has been little work done relative to establishing: the factors 
that control the amount of solubilizate that can be accommodated in a 
detergent micelle. For our purposes the term solubilization capacity 
is defined as the ratio of the number of solubilizate molecules to 
the number of detergent monomers that are present in a micelle when 
the system in.::saturated with solubilizate.
Venable and Nauman34 determined a parameter for the area of the 
charged head. They attempted to correlate this parameter with 
solubilization capacity for several detergents and found a general 
correlation but no simple relationship.
qcBrashier investigated two series of quaternary ammonium bromides, 
trialkyltetradecylammonium bromide and trialkylhexadecylammonium 
bromide. The alkyl groups were methyl, ethyl, and n-propyl. Brashier 
concluded that although the solubilization capacity of a micelle 
doesn't necessarily increase as the size of the hydrophilic head 
increases, the void space in the micelle is nevertheless a factor 
that contributes to-"-the solubilization capacity.
34 R. L. Venable and R. V. Nauman, J. Phys. Chem., LXVTII(19610, 3̂ 98.
35 G. K. Brashier, Ph.D. Dissertation, Louisiana State 




Hexadecyltrimethylammonium bromide (HTMAB) was purchased from K and 
K Laboratories, Plainville, New York and purified by recrystallization 
and soxlet extraction. The HTMAB, as purchased, was dissolved in a 
minimum quantity of absolute methanol; recrystallization was then 
brought about by .adding ethyl aether to the solution. Following 
recrystallization, approximately 5 grams of the surfactant was placed 
in a soxlet extraction thimble and the material was extracted for 
^8 hours with ethyl ether. The absence of a minimum in a surface- 
tension vs. HTMAB-concentration-in-water curve was used as the 
criterion of purity. Reagent grade liquids were employed as solubilizates. 
Spectrograde cyclohexane was used as a solvent in the spectrophotometric 
analyses. The water was triply distilled.
Apparatus
Ampoules of the type described previously were used as containers 
for the equilibration reactions. Analyses for the amount of solubilized 
material taken up by the system were done with a Beckman Model D.U. 
spectrophotometer. Constant temperature baths were controlled to within 
0.2°C. Data analysis was done with an IBM Model 1620 computer.
Procedure
The procedure for equilibration and extraction was the same as 
that used for the work previously described for aqueous solutions of
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aromatic compounds. The concentration of the HTMAB solution was 
5.00 grams per liter and the amount of this detergent solution 
placed in each ampoule was 10 ml. Care was taken in the agitation of 
the sample to prevent emulsion formation. An excess of only 0.1 ml 
of solubilizate was added to the detergent solution. This served two 
purposes. Primarily it tended to check and control emulsion formation. 
Secondly, it minimized the amount of detergent, if any, which was 
extracted from the solution into the organic solubilizate layer.
The amount of solubilizate assumed to be present in the water 
phase of the system was that determined previously for pure water.
This amount was subtracted from the total amount to give the net amount 
of solubilizate present in the micelle phase of the system. Corrections 
were made for the incomplete extractions of the solubilizate into 
cyclohexane in the cases of nitrobenzene, N-methylaniline, and 
N-ethylaniline.
Krafft Point
Three aqueous solutions, each containing 5*00 grams of HMAB per 
liter, were sealed in reaction ampoules. The ampoules were placed 
in a water bath^at J>0°C. and the temperature of the bath was lowered 
at the rate of .1°̂ per day as the ampoules were subjected to frequent 
agitation. As soon as the approximate Krafft point was determined, the 
temperature rate of change was then maintained at about 0.2° per day.
2T
The Krafft point, defined as the saturation temperature, was 
approached from both higher and lower temperatures.
Solubilizate. Evaporation
Aqueous 'HTMAB samples (5 g/l) were saturated with benzene and, 
following ari analysis of the solutions, trhe flasks were immediately 
stoppered with tight fitting tygon .tubing. After a 2k-hour period of 
standing at room conditions, the tygon tubing was removed and another 
analysis for benzene was performed.
Solubilizate Extraction
To determine the completeness of the extraction of the solubilizate 
from the aqueous detergent solutions into the cyclohexane, second 
extractions, by an identical procedure, were performed on 5 samples 
of aqueous solutions from which the solubilizate had previously been 
extracted with cyclohexane. Such examinations were made on solutions 
in which the respective solubilizates were benzene, nitrobenzene, 
Nt-methylaniline and N-ethylaniline.
A second experiment was performed to determine the completeness 
of the cyclohexane-extractions of benzene from the aqueous detergent 
solutions. An aqueous HTMAB solution was saturated with benzene 
and one cyclohexane extraction was done in the manner described above.
An ultraviolet spectrum of the extracted aqueous solution was then 
obtained in order to detect the presence of any residual benzene.
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Detergent Extraction
To determine the amount of detergent extracted from the aqueous 
solution into the solubilizate layer, the following experiment was 
performed for the solubilizates benzene, nitrobenzene, N-methylaniline, 
and N-ethylaniline. Amounts of solubilizate varying from 0.5 ml to 
5 ml were equilibrated with 20 ml of an aqueous-HTMAB solution (5 g/l). 
Following equilibration, samples of both the aqueous layer and the 
organic layer were evaporated to dryness and the amount of HTMAB 
present was determined as a residue. Extrapolations were made to 
give the amount of HTMAB extracted from a 5 g/l solution of HTMAB 
into 0.1 ml of solubilizate.
Solubilization Capacity
The solubilization capacity was obtained by calculating the ratio 
of the number of solubilizate molecules, present in the micelle, to 
the number of HTMAB monomers present in the micelle. In order to 
make comparisons with other work, the temperature selected was 30°C» 
Actual data points at 30°C. were available only for benzene. For the 
other solubilizates, solubilization data were not available at 30°C. 
but instead were expressed as a general function of temperature. These 
results are presented elsewhere in the form of a In X-vs.-l/T plot.
The necessary information for calculating the solubilization capacity 
was taken from the straight-line portion of these plots at the 30°C. 
temperature point. This method obviously corrects for both the
solubility of the solubilizate in water, since that had previously been 
subtracted, and the number of HTMAB monomers present in the water phase, 




The Krafft temperature for HTMAB was determined to be 19°C.
Solubilizate Evaporation
An average of 68$ (±2$) of the benzene present in the saturated 
solutions, that sat for 2k hours in flasks stoppered with tight tygon 
tubing, evaporated.
Solubilizate Extraction
Table 6 gives the weight ratio of the solubilizate present in the 
second cyclohexane extraction of an aqueous HTMAB-solubilizate solution 
to the amount present in the first extraction.
TABLE 6
SOLUBILIZATE EXTRACTION
The Amount of Solubilizate Found in the Second 
Cyclohexane Extraction of an HTMAB 
Relative to the First Extraction










The ultraviolet spectrum of the cyclohexane-extracted aqueous 
HTMAB-benzene solution showed no indication of the presence of benzene 
in the system;.
Detergent Extraction
Table 7 gives the amount of HTMAB that was extracted from the 




The Amount of HTMAB Extracted From an 
Aqueous HTMAB Solution Into an
Organic Solubilizate Phase.
Amount of HTMAB







Figure 1 gives the results for the solubilization experiments 
in terms of a plot of log mole-fraction solubilizate vs. reciprocal
absolute temperature. Results for benzene, toluene, ethylbenzene, 
n-propylbenzene, and n-butylbenzene are included.
Figure 2 gives similar results for benzene, mesitylene, and 
1,3,5"triethylbenzene. Figure 3 gives these data for benzene, N-methyl- 
aniline, N-ethylaniline, and N-propylaniline. Figure 4 plots such 
results for benzene, N,N-dimethylaniline, N,N-diethylaniline, and 
N ,N-dipropylaniline.
Figures 5> 7 > 8> and 9 give similar data for the following
groups of solubilizates: benzene and nitrobenzene; benzene, £-xylene,
and o-diethylbenzene; benzene, m-xylene and m-diethylbenzene; benzene, 
£-xylene, and £-diethylbenzene; and benzene, iso-propylbenzene, and 
tert-butylbenzene.
Table 8 gives the heat of solubilization, along with the 
approximate applicable temperature range, for the fifteen solubilizates 
described in Figures 1-5. Table 9 gives similar data for the solubilizates 
described in Figures 6-9. Solubilization heats were obtained by 
calculating a least-square line through the points within the temperature 
range described, determining the slope of that line, and finally 
evaluating the heat of solubilization, AH, from the equation
An 1In X = - —  — + Constant, 
in which X is defined as the mole fraction of solubilizate in the 
micellar phase of the system, i.e.,
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Figure 1. A plot of the log mole-fraction solu- 
oilizate vs. reciprocal absolute temperature for
benzene (O )3 toluene ( A  ). ethylbenzene
(□----- ), n-propylbenzene ( X ----- )t and
n-butylbenzene (©------ ).
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Figure 2. A plot of the log mole-fraction solu­
bilizate vs. reciprocal absolute temoerature for
benzene (O-----) > mesitylene (A ), and
1,3 ,^-triethylbenzene (O— -- ).
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°c




D"— 1 - 0.6
-0.8
3.4 3.63.23.0
Figure 3. A plot of the log mole-fraction solu­
bilizate vs. reciprocal absolute temperature for
benzene (O ), K-methylaniline (A----- )}
N-ethylaniline (□---- ), and N-propylaniline
ce  .).
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Figure I*. A plot of the log mole-fraction solu­
bilizate vs. reciprocal absolute temperature for
benzene (O )f N,N-dimethylaniline ( A  ),











Figure $. A plot of the log mole-fraction solu­
bilizate vs. reciprocal absolute temoerature for 
benzene (O ) and nitrobenzene (□----- ).
38
°C
70 50 30 10
- 0.2
X — A -
sr
— 1 - 0.6 Q-
-0.8
3.63.43.0 3.21/T * 103
Figure 6. A plot of the log mole-fraction solubili­
zate vs. reciprocal absolute temoerature for benzene 
(O ), o-xylene (A ), and o-diethylbenzene
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Figure 7. A plot of the log mole-fraction solubili­
zate vs. reciprocal absolute temperature for benzene
(O ), m-xylene (A ) s and m-diethylbenzene
(D— — ).  "
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Figure 8. A plot of the log mole-fraction solubili- 
zate vs. reciprocal absolute temperature for benzene
(q g-xylene ( A  ), and e-diethylbenzene(□ ).
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Figure 9. A plot of the log mole-fraction solubili­
zate vs. reciprocal absolute temperature for benzene
(q ---- )} iso-propylbenzene ( A  )} and tert-butyl-
benzene (D ),
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In which n  ̂is the total number of moles of solubilizate in .the; st
entire system, ngw is the number of moles of solubilizate present 
in the water phase of the system and outside the detergent micelle, 
n^t is the total number of moles of HTMAB in the entire system and 
n^Q is the number of moles present in the water phase of the system 
and outside the detergent micelle.
Certain solubilizates gave solutions which resulted in a 
precipitation of white solid crystals when the solutions were cooled 
to temperatures below about 5°C. This was true in all cases for 
N-methylaniline, N-ethylaniline, and, to sometimes only a small 
extent, for N-propylaniline. For other solubilizates this occurred 
only occasionally, and then generally for only one of the triplicate 
samples of a particular solubilizate. Generally in such a case that 
particular sample was discarded. However, in the case of N-propyl- 
ahiline, the triplicate samples were analyzed despite the presence of 
solid material. The results are shown in Figure 3 at 0°C.
The results presented in Figures 1-9 are given in tabular form 
in Appendix B.
Solubilization Capacity
Table 10 gives the solubilization capacity, of a 5-00 gram-per- 
liter aqueous solution of HTMAB at 30°C., expressed as a ratio of the 
number of molecules of solubilizate to the number of monomers of 
HTMAB present in the micelle.
TABLE 8
HEATS OF SOLUBILIZATION FOR AQUEOUS SOLUTIONS OF HTMAB
Solubilizate Heat of Solubilization Temperature
(calories/mole) Range °C
benzene + 230 ± 10 0-20
benzene - 630 ± 4o 30-70
toluene - 500 ± 10 20-80
ethylbenzene - 460 ± 30 20-60
n-propylbenzene - 250 ± 10 20-60
n-butylbenzene - 60 d: 20 20-60
n-butylbenzene - 70 ± 30 0-80
mesitylene - 500 ± 40 10-60
1 ,3)5-triethylbenzene + 550 ± 100 20-60
N-methylaniline - 860 ± 20 30-80
N-ethylaniline - 410 30 30-80
N-propylaniline - 290 ± 30 20-80_
N , N-dimethylaniline 1 £ 0 ± 10 20-60
N ,N-diethylaniline - 500 db 4o 20-60
N,N-dipropylaniline -1020 d: 80 20-60
nitrobenzene -  470 ± 10 0-30
nitrobenzene + 470 ± 20 30-80
TABLE 9
HEATS OF SOLUBILIZATION FOR AQUEOUS SOLUTIONS DF HTMAB
Solubilizate Heat of Solubilization Temperature
(calories/mole) Range °C
benzene +230 ± 10 0-20
benzene -630 ± 1*0 30-70
o-xylene -650 ± 10 30-80
o-diethylbenzene -51*0 ± 100 20-80
m-xylene -980 ± 20 30-60
m-diethylbenzene -830 ± 10 20-60
£-xylene -880 ± TO
£-d ie thylbenzene -670 ± 60
iso-propylbenzene -1*10 ± ? 1*0-80
iso-propylbenzene +760 ± ? o-l+o
tert-butylbenzene -960 ± ? 1*0-80
ter t-butylbenzene +880 ± ? 0-20
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TABLE 10
SOLUBILIZATION CAPACITY FOR AQUEOUS SOLUTIONS OF HTMAB
The number of molecules of aromatic compounds, 
per monomer of HTMAB, solubilized by the HTMAB 






























Figure 10* A plot of solubilization capacity at 30° C. vs. 
molar volume; O  - aromatic hydrocarbons, A *  monosubstituted 
anilines, □ =  disubstituted anilines,® - nitrobenzene and 
A  = N-methylaniline.
Figure 10 is a plot of solubilization capacity, taken as the 




The Krafft temperature of 19°C. is high relative to that of 
shorter long-chain ionic detergents. Of more importance probably 
in that, although 5 grains of HTMAB appear to completely dissolve 
in 1 liter of solution at 19°C., there is a possibility that micro­
crystals are present in the system even at a considerably higher 
temperature. This would explain the problems that other workers 
have had as well as the problems that are apparent in this work 
on heats of solubilization. For example, see the discontinuities 
shown in Figures 1-9 that appear in the general temperature range of 
20-30°C.
Since the Krafft point can be considered to be essentially the 
"freezing" point of the micelles, it is not surprising that the addition 
of a second component will lower the solidification temperature.
This effect was observed throughout this work. All solubilizates 
lowered the Krafft point markedly. Solid material appeared only 
rarely for the various solubilizate samples as they were studied at 
temperatures close to 0°C. except in the cases of the mono-substituted 
anilines for which solid material always appeared in samples kept 
at temperatures close to 0°C. Since solid material did occasionally 
appear in many of the other solubilizate samples at 6°C., one can 
assume that many of the experimental data obtained at temperatures 




The sample-ampoules contained a slight excess of solubilizate 
and were sealed in glass with a torch, and sampling was done 
carefully to avoid solubilizate evaporation from the equilibrated 
aqueous phase. As a result, the fact that volatile solubilizates 
tend to escape quite rapidly by evaporation is of no significance 
in our discussion of heats of solubilization.
Solubilizate Extraction
The first extraction of the aqueous HTMAB-solubilizate sample 
with cyclohexane is complete for the solubilizate benzene and is 
essentially complete even in the case of such polar and water-soluble 
materials as nitrobenzene, N-methylaniline, and N-ethylaniline. 
Corrections, which were almost negligible, were made for these three 
solubilizates in all calculations. On the assumption that the other 
solubilizates would be extracted more efficiently than were the four 
tested, it would be expected that the errors due to this factor 
would be very small; therefore, no such corrections were attempted.
Speculation about the reason for the favorable extraction is 
in order. Perhaps the cyclohexane, being available, or actually 
present in the solution, in a large excess, tends to replace and crowd 
out the solubilizate molecule from both the micelle and water phase of 
the system. The solubilizate molecules, once extracted into the 
cyclohexane, would be so dilute that statistically there would be very 
little opportunity for these molecules to re-enter the micelle.
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Detergent Extraction
It is found that the more polar solubilizates can dissolve some 
of the HTMAB and therefore extract a quite small amount (less than
0.2$ for those tested) of the detergent from solution. A nearly 
negligible correction was made for nitrobenzene-, N-methylaniline-, and 
N-ethylaniline-sample calculations. Since benzene extracts no 
measureable amount of HTMAB and the other nitrogen containing 
solubilizates are less polar than N-ethylaniline, it was assumed 
that any extraction would not exceed 0 .02$ and therefore any error 
due to this factor was quite negligible and neglectable.
Solubilization Heats
The solubilization process for HTMAB usually appears to be 
well behaved in the 20-60°C. temperature range. Sometimes the 
In X - vs.-l/T plot suggests that some systems are well behaved 
over the entire 0-80°C. range, e.g., n-butylbenzene of Figure I.
But due to the occurrence of problems with solid precipitations, 
as well as the frequent appearance of inconsistencies in 
the In X - vs.-l/T plots over the 0-20°C. and 60-80°C. temperature 
regions, the following considerations, correlations, and remarks 
will pertain in general to the 20-6b°C. temperature range.
As the benzene, toluene, ethylbenzene, n-propylbenz.ene, and
v
n-butylbenzene series is considered, one observes a steady decrease 
in the solubilization heat. These are results that might be expected.
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As the^solubilizate molecule becomes bulkier it would be expected 
that more energy would necessarily be expended to accommodate:.it into 
the micelle. Therefore, it would be expected that the net amount of 
energy released would decrease as the solubilizate molecule becomes 
more bulky.
This general trend is observed throughout this work with few 
exceptions. These exceptions and their possible significance will 
now be discussed.
An obvious exception is that of the N,N-disubstituted anilines, 
for which an apparent opposite trend is observed. The following explana­
tion is suggested. The unshared pair of electrons on the nitrogen can 
effect a proton extraction from water. This positive center can in 
turn interact with the positive charge that is present on the micelle's 
exterior. The added chain length of the substituents as they change 
from methyl groups to ethyl groups and to propyl groups can do two 
things. First, it may tend to shield the positive proton from a 
coulombic interaction with the miceliar charge. Secondly, this 
additional chain-length effect can provide sufficient added attraction 
to the organic, central portion of the micelle to enable the solubilizate 
to more effectively withdraw from the repulsive, coulombic interaction. 
However, if this explanation is reasonable, it doesn't apply to the 
monosub&tituted anilines since the opposite, more usual trend is 
observed in the case of these solubilizates.
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Another apparent exception to the general rule of an increase 
in AH with solubilizate bulkiness is observed as a change from 
iso-propylbenzene to tert-butylbenzene is made; this is shown in 
Figure 9* However, the number of data points is limited for 
iso-propylbenzene, and one also observes that, in general, points 
at 80°C. are questionable; therefore, this apparent exception is not 
necessarily significant.
The exception that does appear significant is that of nitrobenzene. 
As seen in Figure 5, nitrobenzene has a heat of solubilization, over 
the entire temperature range of 0-80°C., which has roughly the same 
magnitude but is opposite in sign, to that of benzene, even changing 
the sign of AH, as does benzene, between 20-50°C.. One might explain 
this observation by assuming that the mechanism for solubilization is 
somewhat different for nitrobenzene than it is for benzene and the other 
solubilizates. This mechanism will be discussed and a jnicelle model 
to account for it will be proposed later in the Conclusion and General 
Discussion section.
Solubilization Capacity
It seems reasonable to expect the solubilization capacity that 
a micelle has to be a function of the volume occupied by the 
solubilizate and perhaps the free, void space present within tthe 
micelle, or space of this type that can be made available upon 
solubilization. It is not surprising then to find that the 
solubilization capacity is a function of molar volume. One sees this
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relationship in the plot of Figure 10.
One obvious anomaly can be seen in the plot of Figure 10. The 
datum for nitrobenzene does not fall on or close to the curve. The 
curve predicts a solubilization capacity of perhaps 2 .6 0 for such 
a molar volume as that of nitrobenzerih, while one observes a solubiliza­
tion capacity of l.JO. This apparent discrepency can be accounted for 
by again assuming that the solubilization mechanism for nitrobenzene 
is somehow different than it is for the other solubilizates. Such 
a different mechanism apparently does not permit nitrobenzene to 
effectively use all of the available void space. One would predict 
that enough of such space is available in the micelle to accommodate 
twice as many nitrobenzene molecules as those that are actually 
accommodated. A micelle model will be proposed later which will 
explain this observation.
The datum for N-me thylaniline appears to also be anomalous. The 
model that will be proposed later, for the solubilization mechanism, 
will suggest that such behavior might be expected for N-methylaniline.
CHAPTER XV
A REFRACTIVE-INDEX METHOD OF SOLUBILIZATION CAPACITY
MEASUREMENT
A. Introduction 
Solubilization has been defined and discussed, and how some 
methods of measuring this capacity will be considered. McBain36 
has defined solubilization as the spontaneous passage of molecules 
of a substance,' which is insoluble in water, into an aqueous solution 
of a soap or a detergent such that a' thermodynamically stable solution 
is formed.
A general method has been used to measure solubilization limits. 
Several samples of a detergent solution to which various known amounts 
of solubilizate have been added are examined. The highest concentration 
which doesn't result in a turbid solution, measured either visually 
or instrumentally, is called the solubility limit. This method has 
been discussed in length by McBain and Richards. 37 This procedure, 
essentially a trial and error method, is not very satisfying intuitively. 
A second general approach is to perform an analysis on the saturated 
solution for the solubilizate. Frequently spectrophotometric methods 
are satisfactory. Occasionally, however, this method cannot be used.
36 J. W. McBain, Advances in Colloid Science, (New York: 
Interscience Publishers, Inc., 19^2), I, 116.
37 J. W. McBain and P. H. Richards, Ind.. Eng. Chem., XXXVIII(19̂ 6), 6k2.
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For example, if there is a spectral interference between the 
detergent and the solubilizate, or if the solubilizate doesn't absorb 
in a convenient portion of the spectrum the spectrophotometrie 
method cannot be readily employed.
An alternate method that has been used by Sardisco38 is a
differential-refractive-index method. Since the refractive index
for a detergent solution, nQ, is generally quite different from the
refractive index of a solubilizate, n , a plot of An vs. concentration—s ‘ —
of solubilizate will give a curve that has a positive slope until 
maximum solubilization .has been reached. At this point one of two 
things will happen as an excess of solubilizate is made available to 
the system. If the detergent is insoluble in the solubilizate, the 
slope of the curve will be zero at all concentrations above the 
maximum solubilization point. If, on the other hand, the detergent is 
partially soluble in the solubilizate, the slope of the curve will 
be reversed from positive to negative at the point of maximum 
solubilization. In either case, the solubilization capacity can 
readily be determined by the extrapolation of the straight portions 
of the curve to a point of intersection.
The purpose of this portion of our investigation is two-fold. 
First, a comparison of the diffenential-refractive-index method of 
solubilization capacity measurement with the spectrophotometric method 
will be made. Secondly, the information obtained will be used to
38 J. B. Sardisco, M. S. Thesis, Louisiana State University, 
Baton Rouge, 1958.
determine how the refractive index varies with total HTMAB-concentration,
i.e., dn/dc. These values will be used later in calculating micellar 
molecular weights for aqueous HTMAB-benzene system.
B. Experimental
Materials
HTMAB, reagent grade benzene, spectrograde cyclohexane, and 
triply distilled water, as previously described, were used in this 
work.
Apparatus
Ampoules, of the type previously described, were used. Equilibra- - 
tion was brought about with the aid of a Burrel wrisb-action shaker. 
Spectrophotometric analysis for benzene was done with a Cary Model lk 
spectrophotometer. A B-S Differential Refractometer39,4° , manufactured 
by the Phoenix Precision Instrument Company, and equipped with a 
type AH-J mercury lamp and monochromatic filter that isolated the blue 
light of wavelength k358^> was used. The two-compartment cell in this 
instrument was kept at 30° ± 1°C. by circulating water from a thermo- 
stated bath through the jacketed cell housing.
Procedure^Sample Preparation
Measured amounts of benzene were introduced into ampoules which 
were immediately stoppered and placed into a powdered dry ice bath.
39 B. A. Brice and M. Hawler, J. Opt. Soc. Amer., XXXVT
(I9k6), 363.
40 B. A. Brice and M. Hawler, J. Opt. Soc. Amer. , XLI
(1951), 1033.
After the benzene had frozen, 10 ml of detergent solution was 
pipetted into each ampoule which was then sealed with a torch.
The filled and sealed ampoules were placed on a wrist-action shaker, 
for 48 hours at a room temperature of 32° ± 2°C. after which they ' 
were placed in a water bath which was maintained at 30° -± 0.1°C. for 
6 to 14 days. The longer period of time was sometimes required for 
breaking the emulsions that formed in those ampoules which contained 
an excess of benzene. Corrections were made for the amount of benzene 
lost by evaporation during transfer operations, ampoule sealing and 
opening, etc. The necessary amount of weight correction was determined 
by transferring, sealing off, and opening ampoules, which contained 
no detergent solution, under conditions similar to those of the 
experiment.
Detergent solutions of two concentrations, 2.00 mg/ml and 5»00 
mg/ml, were used.
Procedure, Spectrophotometric-Analysis Method
After the emulsions had broken and the two phases had separated 
such that the aqueous layer was transparent and free of any opalescence, 
the ampoule was carefully opened and 5 ml of the aqueous layer was 
introduced directly into a flask which contained 5 ml of cyclohexane.
The flask was then shaken with a wrist-dction shaker for 1-2 days, and 
the cyclohexane was analyzed spectrophotometrically for the benzene 
content at the maximum absorbance wavelength of 254.5 mp,.
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Procedure, Differential-Refractive-Index-Analysis Method
Following the disappearance of the emulsion and opalescence 
in the equilibrated sample, the ampoule was carefully opened and g ml 
of the aqueous layer transferred immediately and directly into the 
refractometer cell. Readings were taken every five minutes for 
thirty minutes and an extrapolation to time-zero was made. This 
extrapolation procedure accounted for the benzene;:that evaporates from 
such systems. The direct readings obtained with the differential 
refractometer are not An readings but rather are values proportional 
to An, i.e.,
An = K Ad
in which K is a proportionality constant and Ad is the instrument reading. 
Since absolute An values are not necessary in the procedure used in 
this investigation, only the direct readings, Ad values, were used.
However, one does need absolute An values for calculations of the 
micellar molecular weights in the aqueous HTMAB-benzene solutions. In 
that case the differential refractive index, dn/dc is used. For this 
purpose the differential refractometer was calibrated with aqueous 
potassium chloride solutions. The values for the concentrationrchange 
dc must be those for total concentration change. The concentration c 




The amount of benzene dissolved by six separate samples of a 
2.00 g/1 aqueous HTMAB solution averaged 3-04 ± 0.15 g/1; the stated 
precision is the standard deviation. Similar results for five separate 
samples of a 5 .00 g/1 aqueous HTMAB solution were 4.65 ± 0.06 g/1. 
Subtraction of the amount of benzene and HTMAB monomers present in the 
water phase, and conversion of the remaining benzene and HTMAB to mole 
ratios, gives the solubilization capacities as 3.02 and 2 .7 2 , 
respectively.
Differential Refractive Index Method
Figure 11 gives a plot of the refractometer reading, Ad, vs. 
the weight of benzene added to a 2.00 g/1 aqueous HTMAB solution.
The intersection of the two straight portions of the curve gives 
the amount of benzene that dissolves in this HTMAB solution as 
2 .77 ± 0.44 g/1 .
Similar data, for a 5*00 g/1 aqueous HTMAB solution, are presented 
in Figure 11. The corresponding amount of benzene dissolved in this 
solution taken from this figure as 5*10 ± 0.4l g/1 .
The respective solubilization capacities for these two detergent 
solutions are 2 .3^ and 3 «1^*
1.0 o— o
 - -H----— B - q -----
0.5
A m o u n t  of  B e n z e n e  A d d e d .
14 33 35 90 92
Figure 11. A plot of differential refractometer reading, Ad, vs. grams
of benzene added per liter of aqueous HTMAB solutions. (□----- ) 2.00 g.-
HTMAB per liter; (O— — ) 5.00 g. HTMAB per liter.
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HTMAB Solubility in Benzene
The fact that the slopes of the straight portions of the curves 
of Figure 11, at the higher values for benzene concentration, are 
zero indicates that HTMAB is not soluble in benzene.
Refractive Index Increments
Table 11 gives dn/dc values for several HTMAB-benzene weight
REFRACTIVE INDEX INCREMENTS FOR AQUEOUS HTMAB-BENZENE SOLUTIONS



















The spectrophotojnetric method of measuring solubilization 
capacity has the advantage of being straightforward, relatively 
easy to manipulate, and capable of giving reliable and relatively
J
precise results.
The differential refractive index method has the advantage of 
being more universally applicable. This method is somewhat less 
precise than the spectrophotometric method. It also requires more 
time consuming samplings and manipulations to obtain a comparable 
amount of information.
It was again observed during this investigation that the 
benzene evaporates quite rapidly from the detergent solution, even 
though the benzene is present at concentrations well below the 
solubilization limit. This necessitated the use of sealed ampoules, 
direct and rapid transfers of solutions, and, in the case of the 
refractive-index method, extrapolations to time zero.
It was noticed that the extent of emulsion formation in an 
HTMAB-benzene system was very dependent on the amount of excess 
benzene present. It was observed that when quite small excesses 
were present no emulsion formed. Even after hQ hours of agitation 
the aqueous layer of the sample remained transparent and free of 
visual opalescence. Yet upon standing for a short time, an oily 
layer could be seen with careful observation. Such samples would 
also give readings on the differential refractometer which were 
essentially the same as those obtained with samples in which a large
amount of benzene had been present. Since it is possible then to have 
an excess of benzene present and still not obtain a turbid solution, 
the method that calls the highest concentration of solubilizate which 
fails to give a visually opalescent solution as the maximum solubility 
concentration does not seem to be reliable.
The solubility-of-HTMAB-in-benzene data confirm our earlier 
findings that this detergent is not soluble in benzene.
The values obtained for the refractive index increments indicate 





One can readily make use of the fact that colloidal particles 
scatter light, and produce what is known as the Tyndall effect, to 
determine an average molecular weight of the colloidal particles in 
the system. The scattering of light by the colloid particles results 
in a decrease in the intensity of the incidence 'beam as it passes 
through :the system. The following relationship, analogous to Lambert's 
law for'light absorption, applies.
I = Ipe"Tl
in which t is the turbidity and 1 is the path length of the sample cell. 
One frequently determines t by taking advantage of the fact that 
t = klgo in which k is a proportionality constant and Ig0 is the 
intensity of the beam of scattered light at an angle of 90° to the 
incidence beam.
It can be shewn that ideally t is related to the concentration,
C, and the molecular weight, M, by the relation
HC/t = i
in which H is a constant made up of the wavelength of the light used,
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the change of refractive index with concentration, dn/dc, the gas 
constant, R, the temperature, etc.
For a practical system the solution is nonideal and the above 
equation is modified to
—  = -J: + 2BCT M
in which B is a virial coefficient. For detergent systems additional 
corrections are made by subtracting the CMC, GOJ from the total 
concentration and by subtracting the turbidity of the solution at 
the CMC, To> from the total turbidity. The resulting equation is
By plotting H(C-C0)/(t-To) v s. (C-C0)> extrapolating to (C-C0) =0, 
and taking the reciprocal of the intercept, one can obtain the micellar 
molecular weight, M.
A considerable number of molecular weight determinations of 
soaps and detergents, in both aqueous and salt solutions, have been 
made. However, very little work has been done on solubilized solutions 
to secure micellar molecular weights. Hyde and Robb41, using light 
scattering methods, have investigated aqueous solutions of HTMAB using 
benzene and other hydrocarbons as solubilizates.
41 A. J. Hyde and D. J. M. Robb, J. Phys. Chem., LXVII (I963),
2093.
It was indicated that HTMAB solutions are not always well behaved, 
and they have a history of resisting micellar molecular weight 
determinations* Debye42 reports that the micellar molecular weight for 
HTMAB in purely aqueous solutions is indeterminable. Using.light 
scattering methods, Debye and Anacker43 determined micellar molecular 
weights for. HTMAB in salt solutions. They found the molecular weights 
to be 79,500 and 186,000, respectively in O.I78M and 0.233M potassium 
bromide solutions. From dissymmetry measurements they concluded that 
the micelles in these solutions were rod shaped. Recall that the 
difficulties experienced by Tartar44 with HTMAB solutions in his attempt 
to obtain a micellar molecular weight for this detergent were discussed. 
The minimum amount of sodium bromide that he could use was 0.003M and 
for this solution he obtained a molecular weight of 29,000.
Nevertheless, Hyde and Robb45 obtained a micellar molecular weight 
of 22,000 for HTMAB in water with no solubilizate present. They 
obtained a micellar molecular weight of 16,300 for an initial concentra­
tion of 2.35 g/1 of benzene and about 10 g/1 of HTMAB.
There are two important considerations that Hyde and Robb fail 
to mention in the discussion of their investigation. First, there are
42 P. Debye, J. Phys. and Colloid Chem., LIII (19^9), 1*
43 P. Debye and 3„ W. Anacker, J. Phys. and Colloid Chem.,
LV (1951), Gkh.
44 H. V. Tartar, J. Colloid Sci.,XIV (1959), H5-
45 A. J. Hyde and D. J. M. Robb, J. Phys. Chem., LXVTI
(1963), 2093.
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no indications made of what precautions were taken to prevent or account 
for benzene evaporation. Secondly, no consideration is given to the 
fact that all of the benzene in the system is not necessarily present 
in the detergent micelle. Both of these factors would have the same 
effect on the error possibility, namely to cause a calculation of a 
molecular weight that is too small by assuming that more benzene was 
present in the micelle than actually was there.
The present work indicates that the first factor, rapid benzene 
evaporation, can be very significant. Some current work by Goerner46 
suggests that the second factor, partitioning of the benzene into the 
two phases, is probably not too significant. Goerner was able to show 
that the absorption band, at about 255 m.(j,, for benzene, shifts perhaps 
1 mjj, towards the blue when the benzene is changed from a hydrocarbon 
solution to a water solution. Observing an aqueous detergent-benzene 
system, he found that there was no shift of the benzene peak to a lower 
wavelength until the system was saturated with benzene. The implication 
of this is that as long as an aqueous HTMAB-benzene system is below the 
solubilizate^saturation limit, it can be assumed that a substantial 
portion of the benzene is solubilized into the detergent micelle.
The purpose of the current work on micellar molecular weights of 
aqueous HTMAB and aqueous HTMAB-benzene systems was to obtain some
46 J. W. Goerner, Ph.D. Dissertation, Louisiana State 
University, Baton Rouge, I9 6 6.
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information on the solubilization mechanism and to determine what 
happens to the detergent micelle when it incorporates the solubilizate. 
That is, does it swell while the same number of detergent monomers 
remain in the micelle and do solubilizate molecules add until the void 
space is filled? Or does the micelle maintain the same size by 
replacing detergent monomers with solubilizate molecules? This latter 
situation would suggest that there is some maximum size for the 




The HTMAB, reagent grade benzene, spectrograde cyclohexane, and 
triply distilled water, that were previously described, were also 
used for this work.
Apparatus
Light scattering measurements were made with a Brice-Phoenix 
photometer with an unpolarized, monochromatic light beam of wavelength 
^358A. Light scattering cells were made of pyrex tubing, 40 mm in 
diameter and 60 mm in height. The neck was reduced and connected to 
9 mm tubing in order to provide a connection for a tygon-tubing seal.
The tygon-tubing seal was used to reduce benzene evaporation.
Refractive index measurements were made with a Brice Phoenix differential
refractometer. Equilibration was brought about with the aid of a Burrel
wrist-action shaker. A Beckman model DU spectrophotometer was used 
for determining the benzene concentration. Ampoules, of the type 
previously described, were used to determine the solubilization 
capacity as a function of HTMAB concentration. Data analysis was done
with an IBM model 1620 computer.
Procedure
Two separate procedures were employed; each procedure used a 
different approach to the problem. All measurements were made at 22°C.
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First, aqueous solutions of HTMAB, ranging from 0.1$ to 2$ 
were prepared by diluting a stock solution which had previously been 
made by dissolving 20 grams of HTMAB per liter of solution and 
filtering this solution through an ultrafine sintered glass filter. 
Estimated weights of benzene were added to 40 ml portions of HTMAB 
solution in the light scattering cells. The amount of benzene added 
was always below the saturation limit. The aqueous HTMAB-benzene system 
was then permitted to equilibrate for several days. Light scattering 
measurements were then made on the equilibrated sample and these 
measurements were immediately followed .by an analysis for benzene.
This analysis was made by opening the light scattering cell and 
transferring exactly 3 ml of the aqueous HTMAB-benzene solution to 
an extraction flask which contained exactly 7 ml of cyclohexane.
The flask was :then shaken for 2 days effecting extraction of the 
benzene into the cyclohexane. The benzene concentration was then 
determined spectrophotometrically. This method will be called the 
indirect procedure.
The second method, which will be called the direct procedure, 
used a stock solution which was prepared as noted above and was diluted 
to give solutions which contained 0.1$ to 0.4$ HTMAB. An excess of 
approximately 1 ml of benzene was placed over 40 ml of the respective 
aqueous HTMAB solution. The system was permitted to equilibrate with 
frequent, gently hand agitation over a period of one to two weeks.
Light scattering readings were taken over several hours for each day
until constant readings were obtained over a three-day period. 
Simultaneously, identical samples were prepared in reaction ampoules. 
These samples were handled in the same manner as those in the 
light scattering cells. . Following equilibration, the samples in the 
ampoules were analyzed for benzene content. In this way the 
solubilizing capacity was obtained for solutions of various HTMAB 
concentration.
In both methods the CMC, Cq , was subtracted from the HTMAB 
concentration. In the direct procedure, the amount of benzene present 
in the water phase was subtracted from the total amount of benzene 
present. In the indirect procedure, the assumption was made that all 
benzene present was confined to the detergent micelles. Recall that 
the basis for this assumption was the observation that the peak 
of the benzene's ultraviolet-absorption band doesn't shift to a lower 
wavelength until the system is saturated with benzene; this observation 
implies that as long as an aqueous HTMAB-benzene system is below the 
solubilization limit, it can be assumed that a substantial portion of 




Figure 12 represents light scattering data over a range of 
benzene concentrations for aqueous HTMAB solutions which varied from 
0.1$ to 2$. Slopes and intercepts were obtained by the method of 
least squares.
From Figure 12, using only data obtained at zero benzene 
concentration, one can obtain the micellar molecular weight of pure 
HTMAB in water. Figure 13 shows a plot of H(C-C0)/(t -t0) v s . (C-C0) 
data for such a system.
From Figure 12, light scattering information can be indirectly 
obtained for aqueous HTMAB-benzene solutions. This is accomplished 
by selecting a specific weight ratio of benzene to H3MAB and obtaining 
the light scattering information for the various HTMAB concentrations, 
at that ratio of benzene, from the data shown in Figure 12. Figure 13 
shows plots of H(C-G0 )/(t-to) v s . (C-C0) for light scattering information 
obtained in this way for ratios of 0.0 and 0.6. Values for dn/dc 
were taken from Table 11.
Direct Procedure
The solubilization capacity for aqueous HTMAB systems of 1,2,3 
and 1 grams per liter was 2.80 ± 0.05• This is a weight ratio of 0.60.
Figure 1^ gives a plot of H(C-G0)/(T-To) vs. (C-CQ) for an - 






Figure 12. Light scattering 
data for the aqueous HTMAB- 
benzene system at various 
HTMAB concentrations, HTMAB 
concentrations, in grams per 
liter, are shown at the 
respective line.
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Figure 13. H(C~C0)/(*tMJ0) vs. (C-C0) plots for aqueous-
HTMAB-benzene systems obtained by the indirect procedure. 
(□---) 3 actual values at zero benzene concentration;
(Q_— ) = calculated values for zero benzene concentration;









Figure lU. HCC-CgJ/Ctl-tfo) vs. (C-C0) plots for aqueous- 
HTMAB-benzene systems obtained by the direct procedure.
(O ) values at zero benzene concentration; {□— — •)
values for a system saturated with benzene.
gives a plot of similar data for an aqueous HTMAB system which has 
been saturated with benzene. It should be noted that the abscissa 
of Figure 14 is considerably expanded over the corresponding abscissa 
of Figure 13.
TABLE 12
MICELLAR MOLECULAR WEIGHTS FOR AQUEOUS HTMAB SYSTEMS.









Indirect Zero(actual) 16 ,000 16 ,600
Indirect Zero(cal'd) 1 6 ,000 22 ,200
Indirect Saturated 25,600 26 ,000
Direct Zero 16 ,000 15 ,400
Direct Saturated 25 ,600 25 ,600
Table 12 summarizes the micelle molecular weights, MMW, from 
Figures 13 and 14. The "calculated MMW" value at zero benzene 
concentration was taken as the average of the two observed values, 
16,000 ± 500. The "calculated MMW" value for the systems in which 
the micelles are saturated with benzene are obtained by adding 0 .6 0  
of 16,000 to 16,000 to get 25,600. The amount added, 96OO* is the 
weight attributed to the benzene that has been added to the saturated 
micelle. This value has been obtained by a straightforward conversion
of the solubilization capacity, as determined earlier, from a mole 
ratio to a weight ratio.
Two values for the Observed MMW for the Indirect Method at 
Zero Benzene Concentration are given in Table 12. The value of- • 
16,600, at a benzene concentration of Zero (actual), was obtained by 
using the observed (t -t o) values for C = zero as shown in Figure 12. 
The value of 22,200, at a benzene concentration of Zero (cal'd), was 
obtained by using the (t "To ) values at C = zero as shown on the 
extrapolated lines of Figure 12.
D. Discussion
That the solubilization capacity remains constant at several 
HTMAB concentrations is not surprising. Brashier47 also found this 
to be the case for HTMAB although he found the magnitude of the 
solubilization capacity to be somewhat less, 2 .65 at 3P°C* compared 
to 2.83 at 30°C. and 2.60 at 22°C. obtained in this work. The 
difference between the value observed in this work at 30°C., and the 
value obtained by Brashier, suggests the magnitude of experimental 
error that is involved. v
The molecular weight, obtained for HTMAB in pure water from this 
work, is 16,000 ± 500. This is perhaps a slightly lower value than 
one might predict, in view of the work of Tartar48 or Hyde and Robb-.49 
This is conceivably due to an error in this current work. Perhaps 
the cylindrical light scattering cells that were used are responsible 
for an error in obtaining the proportionality constant k that was 
discussed earlier.
Regardless of the correctness of the micellar molecular weights 
obtained, one important point stands out. The molecular weight for 
the micelle increases in exact proportion to the added weight of 
benzene solubilized. One is tempted to assume that upon solubilization
47 G. K. Brashier, Ph.D. Dissertation, Louisiana State 
University, Baton Rouge, 196^.
48 H. V. Tartar, J. Colloid Sci., XIV (1959),.115.
49 A. J. Hyde and D. J. M. Robb, J. Phys. Chem., LXVII 
(1963), 2093.
the benzene molecules continue to enter the detergent micelle filling 
the void spaces until those spaces are fully occupied. The micelle 
model that we will suggest later will reflect this assumption.
CHAPTER VI
THE EFFECT OF SOLUBILIZATE POLARITY
ON HTMAB-SOLUTION VISCOSITY
A. Introduction 
Another approach that can be taken in an attempt to learn some­
thing concerning the solubilization mechanism is the study of the 
solution-viscosity for detergent-solubilizate polymer systems. It 
can be shown5 0 ’51 that many polymer systems follow a semi-empirical 
relationship of the form -
T) = KMa  1
in which 71 is the viscosity and H is the molecular weight of the 
polymer or macromolecule. K and a are constants which are generally 
related to the solvent, temperature, and polymer species. The constant 
a is frequently related to the shape of the macromolecule. Other 
similar empirical relationships have been proposed such as the following
one, which was shown to be useful by Flory. 52
ilog 71 = A + BM2  2
Again 71 is the viscosity, M the molecular weight, and A and B are 
constants similar to K and a. Flory developed this equation when
50 J. R. Schaefgen and P. J. Flory, J. Am. Chem. Soc., LXX
(19̂ 8), 2709.
51 P. J. Flory, Principles of Polymer Chemistry, (Ithaca, 
New York: Cornell Univ. Press, 1955)*
52 P. J. Flory, J. Am. Chem. Soc., LXII (19^0), 1057.
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he attempted to fit some experimental data to the similar semiempirical 
Dunstan equation:53
log T) = aM + b
The usefulness of these equations is generally .limited to molecular 
weight determinations for polymers of a particular type for which the 
constants have previously been established. There is, of course, no 
a priori reason for assuming that any of these equations would be 
applicable to surfactant solutions. However, it does seem likely that 
one could learn something concerning the solubilization mechanism and 
the constitution of detergent micelles, both with and without 
solubilizate, by looking at the viscosity of such detergent solutions.
The purpose of the work done here was essentially twofold. First, 
it was planned to do some initial viscosity work on HTMAB-Solubilizate 
systems to see if such a method might be sufficiently fruitful to 
warrant an eventual extensive study of this type. Secondly, correlations 
of the data with equation (l) were planned in an attempt to learn 
something about the solubilization mechanism and micelle constitution 
of a specific system.
53 A. E . Dunstan, Z. physik Chem., LVI (1906), 370.
B. Experimental
An aqueous solution of HTMAB, as previously described, was prepared 
by dissolving 10 grains of the detergent per liter of solution and then 
filtering the solution through an ultrafine, sintered glass filter.
Reagent grade benzene and nitrobenzene were used as solubilizates.
A special closed-system viscometer, with ^ feet of coiled 0.25 ram 
capillary tubing, was designed and constructed. The viscometer, 
shown in Illustration 1, was designed to have a vapor seal to prevent 
solubilizate evaporation.
Solubilizates in various amounts were added to the aqueous-HTMAB 
solution. Exactly 35 ral of the HTMAB-solubilizate solution was added 
to the viscometer which was then cooled in an ice bath and sealed with 
a torch. The viscometer and solution were then shaken with a wrist- 
action shaker for b8 hours. The viscometer was then placed in a constant- 
temperature water bath, which was maintained at 30° ± 0.2°C., for several 
days to reach final equilibration. The viscometer was kept in the 
constant*-temperature bath during the time that the measurement was 
being made. To determine the viscosity, the viscometer was turned so 
that all of the solution would drain into the delivery bulb. The 
viscometer was then rotated to bring the capillary coil into a vertical 
position permitting the solution to start to flow through the capillary. 
The leading and trailing edges of the solutions were used, at a 
position immediately below the delivery bulb, as the timing points.
The angle of the viscometer was standardized by aligning the meniscus 
with a line on the flat portion of the delivery bulb.
D e l i v e r y
Bu l b
R e c e i v i n g  
v Bu l b
F o u r  f e e t  o f  0 . 2 5  mra 
C a p i l l a r y
Illustration 1, Closed System Viscometer.
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The concentration of the solubilizate in a particular system 
was determined by opening the closed viscometer, immediately 
sampling the system, and extracting the solubilizate into cyclohexane 




The viscosity, shown as the time required for 35 of HTMAR- 
solubilizate solution to run through the viscometer, is shown in 
Table 13 for various concentrations of solubilizate.
TABLE 13
VISCOSITY OF HTMAB -SOLUBILIZATE SYSTEMS
FOR A 10 e/1 HTMAB SOLUTION
Solubilizate Solubilizate Concentration g/1 Viscometer Time, min.
none 1.95 217.2 ± 0 .2
benzene !.95 22ktl ± 0 .3
benzene 3 .25 228.3 ± 0.3
nitrobenzene 1.75 219 .2 ±0.3
nitrobenzene U .70 222.1 ± 0 .3
Using (l) the previously discussed interpretation that below 
the solubilization limit essentially all of the solubilizate in 
solution is present in the detergent micelle, and (2) the micellar 
molecular weight determinations -that were made for HTMAB benzene : 
systems, one can calculate the micellar molecular weights, MMW, for 
the HTMAB benzene systems that are given in Table lh.
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Taking a similar approach and making the assumption that nitroben­
zene adds to the HTMAB micelle in the same way that benzene does, i.e. 
it is added to the solubilization limit by being incorporated into the 
HTMAB micelle without dislodging HTMAB monomers, similar micellar 
molecular weight, MMW, calculations can be made for the HTMAB nitroben­
zene system.



























Figure l£. A plot of the logarithm of the viscometer 
flow time (« constant + log-n ) and the calculated 
micellar molecular weights (MMVO for aqueous-HTMAB 
solutions of benzene ( O  ) and nitrobenzene ( □ ).
A plot of the logarithm of the viscosity flow time (a constant + 
logarithm viscosity) vs. the logarithm of the calculated micellar 
molecular weight is given in Figure 15.
The slopes of the curves of Figure 15, i.e-» the constant a in 
equation (l), are 0 .175 and 0 .0 6 2 for benzene and nitrobenzene, 
respectively.
D. Discussion
The initial viscosity work done here suggests that this might 
indeed be a fruitful approach for the study of solubilization 
mechanisms and related micelle phenomenon.
An attempt will be made to interpret the viscosity observations 
in relation to the empirical equation
T) “ KMS ' ... .1
in which the constant a is regarded as a parameter of the micelle 
shape and structure. It is concluded that the micelle's general 
shape, and more likely its exterior structure, is quite different when 
benzene is used as the solubilizate than when polar nitrobenzene is 
solubilized into the micelle.
A micelle model will be proposed later that will account for 
these and other observations.
CHAPTER VII
CONCLUSIONS AND GENERAL DISCUSSION
A. A Review
Five interrelated subjects have been discussed. Solubility-as-
a-function-of-temperature data for the solubility of 22 aromatic
compounds in water have been given as empirical polynomial expressions.
*
Values for the free energy, enthalpy, and entropy of solution at 25°C. 
have been determined. Comparisons have been made with the observations 
of other workers. Correlations were made with current water-structure 
theory.
Secondly, heats of solubilization, AH, for these 22 aromatic 
compounds, used as solubilizates in aqueous solutions of HTMAB, 
were determined. A correlation of these values with the molecular 
structure of the solubilizates has been made.
Thirdly, a differential-refractive index method of determining 
solubilization capacity has been examined and compared with the more 
conventional spectrophotometric method.
Another area of investigation was the variation of micellar 
molecular weights for micelles which contain solubilizate, as the 
solubilizate concentration is varied.
Finally, the effects of solubilizate polarity on the viscosity 
of a detergent-solubilizate solution has been discussed.
A model for the micelle and a solubilization mechanism,. which 
will explain these observations, will now be proposed. On the basis 
of this model, predictions and suggestions for further work will be 
made.
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B. A Proposed Micelle Model and Solubilization Mechanism
Any model that Is proposed must not only offer explanations for 
the observations that were made, but, in addition, must lend itself 
to making predictions regarding untested situations. Such a model 
will now be proposed.
Typical values of the constant a for polymers are 0.5 to 1 or 2. 
The more elongated that a macromolecule is, the more resistance it 
can offer to fluid flow and the higher will be the viscosity constant 
a. Since values for a that are well below the more typical numbers 
are obtained, it is tempting to assume that the micelle has more or 
less spherical geometry. For convenience it will be assumed to be 
a spherical micelle. However, such a shape is not essential for 
the expalnation of the other observations.
Since the micelle solubilizes benzene, and presumably other 
solubilizates, by micelle expansion rather than by solubilizate- 
replacement of HTMAB-monomers within the .micelle, it is concluded 
that the micelle either has void spaces or an arrangement that makes 
analogous space available for the incorporation of solubilizate 
molecules into the micelle. Furthermore, it is concluded that the 
maximum amount of material that the micelle can solubilize, and 
therefore the so-called micellar void space, in general is a constant 
for a particular micelle. This conclusion results from the observation 
that, for nonpolar solubilizates, the solubilization capacity is a
function of the solubilizate's molar volume.
A larger increase in viscosity is observed for aqueous HTMAB- 
benzene systems than for comparable aqueous HTMAB-nitrobenzene 
systems. This suggests that the exterior portion of the micelle is 
perhaps "roughened" to a larger extent when benzene is solubilized 
than when nitrobenzene is solubilized. Or, alternatively, the 
micelle exterior is "smoothed" more when nitrobenzene is solubilized 
than when benzene is solubilized.
A possible explanation for this behavior is that the benzene is 
forced (or attracted) down into the micelle interior by the hydrophobic 
nature of the benzene. This might be visualized as causing the outer 
portion of the micelle to be somewhat "rougher" following the 
solubilization of some benzene molecules. Diagrammatically, this might 
be visualized in the following manner.
In the case of the solubilization of nitrobenzene a dipole-ion 
interaction of some sort would be expected between nitrobenzene and the 
charged micelle exterior. This interaction can be represented
HTMAB benzene HTMAB -
micelle molecules benzene micelle
diagrammatieally as follows:
©
© — 0  ®  Q
r





This model supposes that the repulsion that the positive charges 
on the micelle have for each other is cancelled to an extent by the 
electrons of the nitro group of the solubilizate. Or, looking at it 
somewhat differently, the positive charge of the micelle exterior 
is essentially "smoother" by being more or less dispersed intb the 
body of the micelle by means of_ the dipolar nitrobenzene. '
The above diagram suggests that this arrangement would tend to 
effect a solubilization capacity of 1 .0 0  leaving some of the micellar 
void space unfilled. Recall that a solubilization capacity of 1.30 
was observed for nitrobenzene .compared with a predicted value of 
about 2 .6 0.
N-methylaniline has a solubilization capacity that apparently 
is anomalously high. A solubilization capacity of 2.70 was observed. 
The predicted value is as low as 2.00. How can the proposed model 
explain this anomaly? It might not be surprising if it was found that 
some of the molecules of this solubilizate, having extracted a proton 
from water, entered the micelle with a net positive charge. This
might have the effect of driving the noncharged solubilizate species 
deeper into the micelle as a result of the coulombic repulsion from 
the positive charges on the exterior of the micelle. This would have 
the effect of increasing the available void space over that which 
we would predict strictly from molar-volume considerations. The 
expected result would be a high observed value for the solubilization 
capacity which is what is observed.
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C. Predictions and Suggestions Eor Additional Work
The model that has been proposed was based on the assumption 
that a micellar-molecular-weight study, that uses nitrobenzene as 
a solubilizate would give essentially the same information that such 
a study gave for the solubilizate benzene. That is, it has been 
assumed that the solubilizate is incorporated into the available 
void space of the micelle and causes the molecular weight to increase 
by the weight of the solubilizate molecules which were incorporated.
This assumption needs experimental verification.
One can explain the apparently low value observed for the viscosity 
constant a, for the HTMAB-nitrobenzene system, in another way. If, 
in the case of nitrobenzene, the solubilizate tended to replace the 
HTMAB monomers of the micelle rather than merely adding to the micelle, 
one would observe only a small increase in the micellar molecular 
weight, perhaps even no increase, as the nitrobenzene is solubilized. 
This, of course, would give the viscosity results that are observed. 
Therefore, a micellar-molecular-weight study, of the type that has 
been done here for benzene, is suggested for a HTMAB-nitrobenzene 
system.
One would predict, on the basis of the proposed model, that a 
highly polar molecule such as benzonitrile would have solubilization 
and HTMAB;-solution viscosity properties similar to those observed for 
nitrobenzene. These two compounds have essentially the same dipole 
moment, about if-.O debyes. But the negative portion of the dipole
is appauently more localized in benzonitrile than in nitrobenzene, 
and an this basis one might predict that the solubilization and 
HTMAB-solution viscosity properties would deviate even more than those 
for nitrobenzene. One would then predict that the solubilization 
capacity of benzonitrile would not only be closer to 1 .0  than to the 
2 .5 value expected for compounds that have the molar volume of 
benzonitrile, but would be closer to 1 .0  than to the 1 .3  value observed 
for nitrobenzene. For the same reason, one would predict a viscosity- 
constant a value of less than 0 .0 6 which was observed in the case of 
nitrobenzene.
This micelle model suggests that HTMAB-N-methylaniline solutions 
would have a viscosity which was relatively higher than that of a 
comparable HTMAB-benzene solution, i.e., the viscosity-constant a 
for N-methylaniline has a predicted value that is somewhat greater
than 0.175.
It would also be predicted that all of the solubilizates of 
concern: in this investigation, other than N-methylaniline and nitro­
benzene, would have HTMAB-solution viscosity properties comparable 
to those obtained for benzene, i.e., the viscosity-constant a values 
would be about 0 .1 7 5*
The model micelle that is proposed has unfilled void space 
when filled to capacity with nitrobenzene and is capable of making 
additional void space available in the case of N-methylaniline. An 
interesting study would be that of mixed solubilizates. Such a study
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would answer the following questions. Will HTMAB micelles solubilize 
to its capacity for nitrobenzene and still solubilize seme benzene?
Will HTMAB micelles solubilize more total solubilizate when either 
N-methylaniline of nitrobenzene is used in conjunction with benzene 
as the solubilizates? This model suggests that the answer to both 
questions is yes.
If the explanation for the anomalously high solubilization capacity 
of N-methylaniline is correct, one would predict that an HTMAB solution 
of this solubilizate would have a fairly high pH. Simple calculations, 
based on an arbritarily chosen 10$ proton-extraction for the solubilized 
molecules, give a pH of greater than 10 for an HTMAB concentration of 
5 g/1 when it is assumed that the solution is saturated with the 
solubilizate. This pH value is to be compared with one close to 7 
that would be expected for such a system and a solubilization 
mechanism that didn't extract a proton. An initial observation indicates 
that one does observe such an increase in pH.
Another proposed study for an HTMAB-N-methylaniline system is 
to look at the spectra of the solution and solution components.
For example, an infrared spectral study would reveal the presence of 
any -NfCHsjHg groups since the nitrogen-hydrogen stretching frequency 
will be substantially different for this group than for the -N(CH3)H 
group. The model predicts the presence of both gtoups.
APPENDIX A 
SUPPLEMENT TO CHAPTER II-C 
Solubility Data Tor Aqueous Solutions 
of Aromatic Compounds
Observed solubilities, in grams per liter, are given 
as Y(OBS), Experimental temoerature points, in degrees 
centigrade, are tabulated as X(OSS). Calculated solu­
bilities, obtained from the second degree polynomial 
exoression ■which was derived from the respective experi­
mental data, are given as Y(CALC).
The data are reorinted on the following pages as the 
comouter output, in Fortran exoonential format, to five 
significant figures. This number of significant figures 
does not suggest the precision or error involved; this 




i;.6l83 x io"2 or 0.01*6183 .
Table A-l




2.C0CDE-OO i•92 50E—00 2.Cl98E-00
1•COCOE + O 1 1.9500E-00 1.916AE-00
2.C0C0E+01 ~ 1 • 9COOE— 00 ' 178552'E-OO ‘
2.OOCOE+O1 1.9080E-00 1 * 8552E-00
3.COCOE+O1 1.8160E-00 1.86 93E-00
3 . COCO E-tO 1 1.7960E-00 1.8693E-00
A.OOCOE+O1 1.9790E-00 1.9590E-00
A .OOCOE+O1 2.COCOE— 00 1.9590E-00
5. 10C0E + 01 2.12 50E— 00 2.1AA7E-00
5.10G0E + 01 2.2330E— 00 2 . 1AA7E— 00
6.0C00E+01 2.3200E— 00 2.36A5E-00
6 .COCOE+O1 2.2A50E-00 2.36A5E-00 .




Solubility Data for Toluene
Y(OBS) Y(CALC)
2.OOCOE-OC 5.91OOE-O1 6.Q5A0E— 01
1.00CCE+01 5 . 8AOOE-O1 5. 7078E-01
1.C0C0E+01 5.7200E-01 5.7078E-01
2 .00CCE+01 5.8000E— 01 5.55AIE-01
2.OOCOE + O 1 5.56G0E-01 5.55A1E-01
3.OOCOG+O1 5.6800E-01 5.71LAE-01
3.OCCC E + 01 5.67 0 OE-01 “TTTrPTE-OT
3.OOCOE+O1 5.7100E-01 5.711AE-01
3.OOCOE+O1 5. 7200E-0 1 5.711AE-0L
A .OOCO E + 0 1 6.15 OOE— 01 6. 1798E-01
A •C OCCE + O 1 6.130CE-01 6. 1793E-01
A .OCCOE + O 1 6. 1300E-0 1 6 . 1798E-01 '
5.lOCOE+Ol 6.69C0E-01 7". 05A3E-01
5.1CC0E+01 6.87CCE—0 I 7.05A3F-G1




8 . lOCOE+Ol 1.0930E-00 1 . 1352E-00
8.10006+01 1. 128OE-O0 1 . 1352E-00
Table A-3
Solubility Data for o-xylene
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xicnsj Y(OBS) Y(CALC)
2.0000E-00 2.0800E-01 2. 1506E-01
2•0QC0E-00 2 .0600E-01 2.1506E-Q1
1.G0C0E+01 2.C000E-O1 1.9836E-01
1.0Q00E+01 2 .OOOOE-O1 1.98 36E-01
2•OOO^E + 01 2.00C0E-01 1.9183E-0I
2.C0C0F+01 2 • COCOE-OI 1.9183E-01
3.00C0E+01 2.0900E-01 2.0124E-01 '
3•OOCOE+O1 2. OOOOE-O1 2.0124E-01
3.0000E+C1 2.1100E-01 2.01246-01
4.0C00E+01 . 2.3400E-01 2.2660E-01
4•OQCOf + 01 2.3 300E-01 2.2660E-01
5. 1000E+01 2.580QE-Q1 2.7291E— 01
5.1000E-I01 2.67COE-01 2.7291E-01
6.C0C0E+01 2.9800E—01 3.2515E-01
6.00C0F+01 3.0600E-01 . 3.2515E-01
b.COCOE+ol 2.9800E—01 3.2515E-01
7.OOOOE+O1 4.23G0E-01 3.9834E-0I
7.C0C0b+01 4 .4300E-01 3.98J4E-01
8. 1000E+01 4.8300E-01 4•9727E-01
8.lOOOt+Ol 4 * 9800E-01 4.97 27E-01
Table A-U
SoTubil ity Data for m-xylene
X(CBS) Y{C B S ) Y(CALC J
2.00C0E-00 1 .7700E-01 1.7533E-01
2.COCOE— 00 1.71 OOE-O 1 1.75 33E-01
1•COOOE+O1 1.7000E— 0 1 1.6527E-01
2.OOOOE+Ol 1.5900E-0 1 i 1.6140E-01
2.OOCOE + 01 1.64C0E-01 1.6140E-01
3.COCOE+O1 1.67 OOE-O1 1.6718E-01
3.OOCOE+O1 1.6600E— 01 1 .67186-01
3.OOOOE+Ol 1.6300E-01 1.671 8TT—O T ”
4.0000E+01 1.87C0E-01 1.8263E-01
4.OOCOE+O1 1.8 300E-0 1 1. 8263E-01
5. lOCOE + Ol 2.0 7006-01 2. 1078E-0I
5.1000E+01 2.1200£-01 2. 1078E-01
6.0C00E+01 2.41C0E-01 2. 42 50E-Q1
6.OOCOE+O1 2.4700E-Q 1 2.4250E-01
7.OOOOE+Ol 2 » 84Q0E-0 t 2.S692E-01
8. lOCCE + Ol 3.5300E-01 3.4695E—01
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Solubility Data for Ethylbenzene
X(OBS) ‘ Y{CBS) Y(CALC)
2 . 0 0 G 0 E- 0 0 1.8700E-01 1•99 56E-01
2•0000E— 00 1.8600E—01 1.9956E-01
l.OOOCd+Cl 1.8500E-01 1•8030E-01
l.ooooe+ci 1.9200E-0I 1 * 8030E-01
2 • OOCOE+O 1 1.7500E-01 1.7058E-01
2.0000E+01 1.7500E-01 1.7058E-01
3•000° E + O 1 1.8400E-01 1.7683E-01
3.0000 E + 0 1 1.8400E-01 1.7633E-01
4.0000E+01 2 . 1900E-01 1.9902E-01
A.OOOOE + Ol 2•0300E-01 1■9902S-01




7.OOOOE + Ol 3.5600E-01 3.6133E-01
7.OOOOE+Ol 3.3800E— 01 3.6133E-01
8-10C0E+01 4•77 00E— 01 4.5662E-01
8 • I000E+O1 4.6800E-01 4.5682E-01
Table A-8
Solubility Data for o-diethylbenzene





2.OOOOE+Ol 1.R500E-01 1.71 57E-G I
3.OOOOE + O 1 1.57C0E-01 1.6712E-01
3.00C0E+01 1.75 OOE-O1 1.6712E-01
4.0CC0E+01 1.7800E-01 1.74 26E-01
5. lCOOt+Ol 1.6400E-0I 1.9551E-01
5.1009E+01 2•2600E-01 1.9551E-01
* 6.00C0E+01 1.8 300E-01 2,2332E-01
7.OOOOE+Ol 2.7600E-01 2.6524E-01
7.2000E+01 2.9100 E-01 2.7501E-01
7.200*E+G1 3.0200E-01 2.7501E-01
8. lOCOE + O 1 2.84COE-01 3.2473E-01
8.30C9E+01 3.4900E— 01 3.3706E-01
8.30C0E+01 3.4400E — 01 3.3 706 E-01
Table A-9
Solubility Data for m-diethylbenzene






































































Solubility Data for o-diethylbenzene
X10BS1 Y(CBS) Y(CALC)
2.000CE-00 





5. 0000E- 00 






































Solubility Data for 1,3,5-triethylbenzene














2 . C0OnE + 0 1








































8.3000 E + OI 1.3970E-01 
Table A-12
1.21926-01

























3 .00006+01 2.0300E-01 ____ 2.5316E-01
3.OOOOE + Ol 
4. OOOOE+Ol




A .OOOOE + Ol 
A .OOOOE+Ol




A .OOOOE + Ol 
5.lOCOE+Ol
3.4100E-01 














5 . 2700E-01.. ......
























3.0 0 0 0 Si 01 
3.0000S+01 






7. COC Of:+ 01 


































8 .1 0 0 0 E+01
02 
01 
0 1 ' 
01 



















7 . 7 5 72 E-02' 
7.7572E-02














Solubility Data for n-butylbenzene
X(CSS) Y {G E S ) Y(CALC)
”2. 00COE-00 
5.CCCCE-JO
1. OOOOE + Ol 
_1. OOOOE + Ol 
1 ,0000 6+OT 
1.OOC^E+O1 
l.OOOOE-i 01 
2.OO'OOE + Ol 
2.OOC0F+D1
"'370000 E+bY 4749WE"-02 3 V b $ b W £ - Q T
3.000°£+ 01 4.1900E-02 3.6468E-02
4.00COETbi “  '"' .3.89001-02" 4.00 3 2 E-0 2
4.00C0E+01 4.3 100E— 0 2 4.0032E-02
5.1CC0E+01 4.4300E— 02 5.09 3 7^-02"
5• lOC^E-i 0 1 5.5700E-02 5.0937E-02
fc.ObbCP+Ol " "....5.39OOE-O2 ‘ 6.5303E— 02
6.0000G+01 5.8100E-02 6.5303E-02




’5 . 510 OE-02 ’ " 4. 7485E~-C72"
5.81 COE-O 2 4. 7435E-02
3 . 95COE-0 2 ' 7774 85F - 0 2
4.6100E-02 4.7435E-02
4 . 1300E-02 4.7435E-02
4.250CE— 02 3.
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Solubility Data for IJ,N-dimethylaniline
X(OBS) YIOBS) Y(CALC)
5.0000E-00___________ 1.J3530E-00  ____1 .j4653EzOO_
. 5_. 0 0 0 0 E - 0 0 _ ________L* i+2 0 0 Er 0 0____________ 1 .4653E-Q0
5.0000 E-00 1 .3360E-00 1.4653E-00
1.0000Ei0L__ ____ 1.3530E-00 _ 1.402_lE-00_
1.OOOOE + Ol 1.4790E— 00 I.402 IE-00
1.OOOOE + Ol   I . 4710E-00 _ 1.4021E-00
1.OOOOE+Ol 1.4540E-00 1.4021E-00
_2.00C0E + 0J.___________ .U4120E-00________ ____1.3230E-00
2.OOOOE+Ol 1.4120E—00 i.3230E-00
2.OOOOE + O l ________ 1 • 39 50E-00 _ 1.3230E-00
3.OOOOE+Ol 1.2600E-00 1.3070E-00
3.00 00 E + 0 1 _________1.3 190E— 00________ ____ 1.30_70E-00
3.70OOE+01 1.3610E—00 K 3 3 3  3E-00’
_3._7000 6jr01__________ ._1_*3530E-0Cl______ ___ K 3 333_E^00
3.700OE + 01 1.3610E-00 1 .3’333fc-00~
5.OOOOE+Ol ________ 1.4400E-00 1.4643E-00
5.OOOOE + Ol 1. 4600E-00 ...........1.4643E-00
5.00C0E+01 __  _  1.4800E-00 1.4643E-0Q
6.OOOOE+Ol 1.60OOE-O0 1.6377E-00
6.OOOOE + Ol_______ -  ■ 1.5900E-00 _ _ ____ 1. 6377E-00
7.2000 E + O 1 1.8100E-00 1.9291E-00
7.20006 + 01 ___  _ _  1.8600E-00 1.9291E_-jp0
7.2000E+01 1.8100E-00 1.9291E-00
8.J3000E + 01___________  2 . 5040E-00 _ 2. 2760E-00_




Solubility Data for N-ethylaniline
X ( CBS )    Y ( Q8S) _ ____ _____ _____  Y (C ALC )__
5 . COCO E-00 3 . 1600E-00 3.0789E-06
_5.0000E-00___________ 2 ...99OOE-O0 _ . _______3. 0789E-Q0
S.ooooe-o’o 2 . 9500E-00 3. 0789E-0Q
1.OOOOE + Ol  _ 2.9700E-00 2.9291E-00_
1.OOOOE + Ol 2. 8800E-00 2.9291E-66
1. OOGOE + 0 1 2.9100E-00 2.9291E-00„
1 .OOCOE+Ol 3.04C0E-00 2. 92 9 1 E-00
2.OOOOE + Ol___________ 2_..7400E-00 __ 2. 7061E-00
2 .0000e'+01 2 . 7200E-00 " 2 . 7061 E-00
2.OOOOE + Ol_________ 2 . 76006-00 2. 7061 E-00
3.OOOOE+Ol “ ’ 2.5700E-00 * 2.5852E-00-
3.OOOOE + Ol   2.68006-00 _ 2.6 852E-00
3.7000E+O1 2.53OOE-O0 2.5613E-00
_3_._7000E + 01_____________2^7_OOE-00 ___2._5613E-Q0
3.7000E+01 2.5400E-00 2.5613E-00
5.OOCOE + Ol_________ _2.6200E-00 2.6496E-00
5.OOOOE + Ol   2.7100E-00 2.6496E-00
5.OOOOE+Ol _ _  2.6700E-00 2.6496E-00
6.OOOOE+Ol 2 . 8 100E-00 2.8350E-00
_6. 00 00 E tO I   J 2.94 0 0 6-0 0. _. 2 . 83 5 0 E-00
7.2~OOOE + 6l “ ■■■'' 3 ■ 040 06-66 ......  3 • 1922E-00
7.2000E+ 01______ 3. 1200E-00 3.1922E-00
7.2000E + 01 3. 1500E-00 3. 1922E-00
8.3000E + 01 j ____ 3.7200E-00 _ 3.64896^00
8.3000E+OI 3.73006-00 3.64896-00
Table A-l?
' Solubility Data for N,N-diethylaniline
X {CBS 1 ___________    YIOBS) _ _ YtCALCJ__
5.00C0E-00 2.1900E-01 1.9732E-01
5.0000E-00__ ___ _ 1.950QE-01 _ 1.9732_E-01
5.0000E-00 1•74C0E-01 1.9732E-01
JU_0000E + 01___________ K 8 7 00E-Q_l__._____ _____ 1_. 8548E-01
i.OOOOE+Ol I•9000E-01 1.8548E-01
L. OOOOE + O l_ ___ 1. 78 OOE-O i ____ 1.8548E-01
1.OOOOE+Ol 1.81C0E-01 1.8548E-01
2.OOOOE + O 1__ ________1.75 OOE-OI 1.6894E-01
2.OOOOE+Ol 1.7000E-01 1.6394E-01
^OOOOE + Ol____________I ,  7 00 OE-0.1. ____ 1.6894E-01
3.OOOOE+Ol 1.77O0E-01 1.6191E-01
_3. OOOOE + Ol______  1.5900E-01 1.6191E-01
3.7000E+01 1.6100E-01 1.6264E-01
3 .7000 E + O 1 _ ________ 1.61OOE— 01 J*6264E-0J:_
3.7000E + O 1 1 * 6500E— 01 1.6264E-01
_5.OOCOE+Ol____________ 1_. 8 100E-01 _  1. 7638E-01
5 .OOCOE+O1 1.73C0E-01 1.7638E-01
5.OOOOE+Ol  ____1.7000E-01 l.7638Er01
6.OOCOE+Ol I.9800E—01 1.9788E-01
6.OOOOE + O l    1.9400E— 01 _ 1.9788E-0l_
7.2000E+01 2.3800E-01 2.3624E-01
7. 2000E+O 1___________ 2_..34p0E-0 1 _ ____2. 3624E-01
7.2000E+01 2.2600E-01 2.3624E-01




Solubility Data for N-propylaniline
X (CBS) Y(OBS) Y(CALC)
5 . OOOOE-00 1.0300E—00 1.04046-00
5 .00006— 00 9.9000E—01 1. 0404E-0t)
5.00006-00 1.OOOOE-OO 1.0404E-00
1.OOOOE + Ol 9.4500E-01 9.76986-01
1.OOOOE + Ol 1 . 0100E-00 9.7698E-0 1
1.OOOOE + Ol 9.9000E— 01 9.7698E-01
1.OOOOE+Ol 9.6500E— 01 9.7698E-01
2.OOOOE+Ol 9.2800E-01 8.8448E-01
2.OOOOE+Ol 9.28 OOE—0 1 8o 8448E— 01
2.OOOOE+Ol 9.1400E-01 8.84486-01
3.OOOOE+Ol 8.2400E-01 8.37836-01
3.OOOOE+Ol 8.7600E— 01 8.37836-01
3.7000E+01 8.7600E-01 8.3246E-01
3.70006+01 8.3200E— 01 8.3246E-01
5.OOOOE+Ol 8.7600E—01 8.8210E-01
5.OOOOE + Ol 9.3100E-01 8.8210E-01
5.OOOOE + Ol 8.8100E-01 8.82106-01
6.OOOOE+Ol 9.45Q0E— 01 9.73026-01
6. 000^6+01 9.4500E-01 9.73026-01
7.20006+01 I.0500E-00 1.14266-00






Solubility Data for N,N-dipropylaniline
X (.CBS)__
1 •C0 0 0 E+01  
1.OOOOE+OL 
1.OOOOE+Ol
2..P000E + 01 
2.0000E+01 




_3 ._7 0 00 E+„01_ 






7* 2000E+0 1 
7.20006+01 
8.300OE+01 
8.3000 E + O 1
_Y(OBS)
3. 84COE-02 









































Solubility Data, for Nitrobenzene
X (CBS) Y( O B S ) ......... Y~(CALC)
 5. OOOOE- 00 ___I. 1820E-00___   1.2362E-00
 5*0000 E-00____________X_._22_60E-00 ______ 1.2362E-00
1.OOOOE+Ol 1.2270E-00 1.2380E-00
1.OOOOE + Ol ________ 1 • 24 30E-00 1.2380E-00
~2.COOOE+Ol 1. 40 50E-00 1.326QE-00
„_2.OOOOE + Ol _________1. 3300E-00 1 ._3260E-QP_
3.OOOOE+Ol 1.5880E-00 1.52686-00
. ..3..0000E+.01____ _______ 1_. 5320E-00...... . .___.l. 5268E-00
3.7 0 0 0 E + 01 1.7300E-00 1.7345E-00
3.7000E + 01 _ 1 . 70306-00 _ 1 . 7 3 4 5 E - 0 0
5.OOOOE+Ol 2.2700E-C0 2.2669E-00
5.OOOOE + Ol _ _  2.J400E-00 __ 2.2669E-00
6.OOCOE + Ol 3. 1200E-00 2. 806iE-o"0
_ 6 .00C0E + 0.V______ 2 . 9 5 0 0 E - 0 0 _________ 2.8061E-00
6.OOCOE+Ol 2.6900E-00 2.8061E-00
7.2000E + 01  3.3000E-00 ____3 .602 i Ey 0 0
7.2000E+01 3.51008-00 3.6021E-0b
_ 7.2000E + 01 _ _3_.5100E-00 __ 3.6021E-00^
8.3000E+01 4.3500E-00 4.47446-00
__8. 3000E + O 1 __________ 4_. 5400E - 0 0 ________4.4744E-00
8.30006+01 4.76GOE-0 0 4.4744E-00
APPENDIX B 
SUPPLEMENT TO CHAPTER III-C
Data for the plots appearing in Figures 1-9 are tabulated 
on the following napes.-
Log mole-fraction solubilizate, exoressed as the natural 
logarithm, is piven as LOG BASE E; reciprocal absolute temp­
erature is given as l/T.
The data are reprinted here as the computer output and 




3.183 x 10“3 or 0.003183 .
Table B-la
Fibres 1-9 Data for Benzene
U S
POINTS FOR THE GRAPH ARE AS FOLLOWS
LOG BASE E = -0.3506 1/T = 0.3643E-02
LOG BASE E = -0.3404 l/T = 0.3597E-02
LOG BASE E = -0.3324 1/T = 0.3534E-02
LOG BASE E = -0.3227 1/T = 0.3413E-02
LOG BASE E = -0.3031 1/T = 0•3300E-02 ~
LOG BASE E s -0.3221 1/T = 0.3195E-02
LOG BASE 6 = -0.3419 1/T = 0.3096E-02
LOG BASE E = -0.3877 1/T = 0.30036-02.
LCG BASE E = -0.4229 1/T = 0.2915E-02
Table B-lb
Figure 1 Data for Toluene
POINTS r0R THE GRAPH ARE AS FOLLOWS
■ LCG BASr r”c = -C.3 303 1/T = 0. 3 64 3 E-02
LCG BAS77 E = -0.3403 1/T = 0.3546E-02
LCG 6AS c E = *0.3338 1/T = 0.34136-02
LCG E A S r E = -0.3639 1/T = 0.3195E-02 .
LCG BAS 1 E = -C.4361 1/T = 0.3003E-02
LCG B AS c E - -0.4741 1/T = 0.2 84 9E-02
Table B-lc
Figure 1 Data for Ethylbenzene
PC I NTS *CR THF GRAPH ARE AS FOLLOWS
LCG B AS r c = - 0 • 5 C 5 4 1/T = 0.3663E-02
LCG E AS 17 E = -C.465B l/T = 0.3413E-02
LCC BAS" E =  -C.5045 1/T = 0.31956-02
LCG BAS- p =  -C.5602 1/T = 0.3003E-02
LCG 8AS'f C = -C.4856 1/T = 0.2833E-02
Table B-ld
Figure 1 Data for n-Prooylbenzene .
PC I NTS r!OR THE GRAPH ARE AS FOLLOWS
. LCG GAS * E = -0.5 9 38 1/T = 0.3663E-02
LCG BAS'7 cl_ = -0.5935 1/T = 0.34136-32
LCG BAS r £ = -0.6172 1/T = 0.31956-02 .
LCG BAS * c = -0.6444 1/T = 0. 3 0 0 3 E - 0 2
LCG BAS’7 E = -0.6C91 1/T = 0.2833E-G2
Table B-le
Figure 1 Data for n-Butylbenzene
PC I M S  'OR THE GRAPH AR F AS FOLLOWS
LCG R AS B E = -0.7R5 5 1/T = 0. 366 3B-02
LCG B A S r E ~ -0.7858 1/T = 0. 3A 13 E-02
•LCG B A S c £ = — 0*7981 i/T = 0. 3 19 5 E - 0 2
LCG PASC e = -0.7971 1/T = 0. 30036-02
LCG .BA S r E = -C.7758 1/T = 0. 2633E-02
Table B-2a
Figure 2 Data for Mesitylene
P C I M S  cOR THE GRA°H .APE AS FOLLOWS
LCG e a s f E = -C.5 90 3 1/T = 0 . 3 6 6 3 G - 0 2
LCG P AS r E = -C. 6 M 2 1/T = 0 . 5 9 7 L ~ 0 2
LCG B AS c E = — 0.5647 1/T = G.3 534E-02
LCG PAS'" E = -C.5C01 1 /T = 0.3413E-02
LCG BAS F F = -0.6103 1/T = 0.33OOF-02
LCG BAS" E = -0.6036 1/T = 0.3195E-02
LCG BAS's E = -0.6 7 76 1/T = 0.3 0962-02
LCG PAS e E = -0.68*53 1/T = 0.8003E-02
LCG BAS * E = -0.4997 1/T = 0.2833E-02
Figure
Table 3-2b 
2 Data for Ij335-Triethylbenzen0
POINTS C0R THE GRAPH ARE AS FOLLCWS
LCG
LCG
B A S c E 
BASr E
= -0.1G51E+01 1/T = 0.3413E-02 





= -C.94G0 1/T = 0.30C3E-02 
= -0.756C 1/T = 0.2833E-02
Table B-3a
Figure 3 Data for U-Methylaniline
PC I M S  PGR THE GRA°H ARE A3 FOLLOWS
LCG CASE E = — 0 . A I A 8 1/T = 0.34L3E-02
LCG BASE t = -0.3613 1/T = 0.3195E-02 .
LCG BAS'" E = -0.4 38 3 1/T = 0.3C03E-02
LCG RASP E = -0.5 I 90 1/T = C.2833E-02
Table B-3b 
Figure 3 Data for N-EthyTbenzene
PC I NTS FCR THE GRAPH ARE AS FOLLOWS________
LOG PASC E = -0. 5957 ' I/T =' C.3 M 3 E - 0 2
LCG HAS" F = -C.56 34______ 1/T = 0.3195E-02
LCG BASn b = -0.56 75 I/T = 0.3003E-02
LCG R AS c E = -0.6388 1/T = 0 . 2 Q 2 3 E r - Q 2
Table B-3c 
Figure 3 Data for N-Propylbenzene
POINTS r(JR THE GRAPH ARE AS FOLLOWS
LCG B AS c E = -0.8715 1/T = 0.3663E-02
LCG BASC E = -C.6159 1/T = 0.3413E-02
LCG BAS’* E = -0.6301 1/T = 0.3195E-02
LCG R A S’c E = -0.6659 1/T = 0.3003E-02
LCG BAS 1 E = -0.6992 1/T = 0.2833E-02
Table B-lta
Figure It Data for NjN-Dirtiethylariiline
p cT n t s f o r t h e- c'̂ a p h  a r t“7rs”TorU'6
LCG BASF E =. -0.4558 1/T = C.3663E-02
LCG E A S r- F = — C .4696 1/T = 0.3413E-02
LCG BASC E = -0.4966 1/T - C. 31955-02.
LCG FAS'7 E = -0.52CO 1/T = 0. 3C03E — 02
LCG PAS'7 E = -C.6064 1/T - 0.26335-02
Table B-I|b 
Figure k Data for N,N~Diethylaniline
POINTS r CP. THE GRAPH ARE AS FOLLOWS
LCG PAS" E = -0.7750 1/T = 'U «3663E-02
LCG PAS*7 E = -0.8238 1/T = 0. 3413E-C2
LCG B ASr E = -0.8614 1/T = 0. 3195E-02
LCG BAS" E = -C.9266 1/T - G. 3GG3E-02
LCG BAS e E = -C.9697 1/T = 0. 2833E-02
Table B-Itc 
Figure U Data for N,N,-Dipropylaniline
.PC I NTS r OR THE GRAPH ARE AS FOLLOWS_______
LCG 8ASc E = -0.10335+01 1/T = 0.36638-02
LCG RASE E = -0.1U46E+01 1/T = 0.34135-02
LCG EASE E = -C . 1 1 27 5 + 01 -1/T = 0. 31955-02
LCG BASE E = -0. 12585 + 01 1/T_=____0. 3003E-02
LCG RAS ̂  E = -0.1360F + 01 1/f = 0. 26335-02
Table B-5
Figure £ Data for Nitrobenzene
PC I NTS' FCR THE GRAPH ARE AS FOLLOWS
LCG PAS - E = -0.4791 1/T = 0.3610E-02
LCG
LCG
BASF E = — 0.A 914 







BASE E = -0.5480 










POINTS ^OR THE GRAPH 





B A S r E = -0.4211 







RASE E = -0.4319 







BAS 1 E = -0.5277 
BAS' * E = -0 .5856
1/T = 
1/T =
0 . 3G03E-02 
0.2S33E-02
Table
Figure 6 Data for
3-6b
o-Die thylbenz ene
POINTS E0R THE GRAPH ARE AS FOLLOWS
LCG
LCG
BA S r E = -0.6C65 







B ASr E = -0.6311 





LCG FASC E - -0.7497 1/T = 0.28336-02
Table B-7a
Figure 7 Data for m-Xylene
PC I M S  PCR THE CRAPH ARE AS FOLLOWS
LCG BAS' * E = -0.5023 1/T = 0.3663E-02
LCG BAS" E - -0.46 59 1/T = 0.3597E-02
LCG B AS * r = -0.5166 1/T 0.3413E-02
LCG PAS^ E = -0.44 78 i/T - 0.3300E-02
LCG BAS" E = -0.4927 1/T = 0.3195E-02
LCG BASC E -0.5930 1/T = 0.3003E-02
Table
Figure 7 Data for
B-7b
rn-Diethylbenzene
P C I M S  P0R THE GRAPH 
LCC BAS p E = —C .68 92
ARE AS FOLLOWS
1/T = 0.3 663E-02
LCC
LCG
BAS c t = -0.7156 







BAS p c = — C .8 8 7 6 






Figure 8 Data for £-Xylene
’ P C I M S  cOR THE GRA°H ARE AS FOLLOWS
LCG BAS r E = -0.4083 





LCC BAS * E = -0.4392 





LCG BAS’" E = -0.6706 1/T = 0.2 849E-02
Table B-Sb
Figure 8 Data for g-Diethylbenzene
PC T''itS V Q R THE GRAPH ARE AS FOLLOWS
LCG BAS* E = -0.7719___  1/F = 0.36A3E-02
LCG
LCG
BAS* E = - C .7 11A 
S A S r E = — C • 7 3 2 4
1/T
1/T




BASE G = -0.8519 
BAS- t = -0.7039
1/T
1/T
= 0 . 3 0 0 3 E — 0 2 
= 0.28335— 02
Table B-9a
Figure 9 Data for iso-Prooylbenzene
P C I M S  *CR THE GRAPH ARE AS 
LCG RAS* E = -0.7141 1/T
FOLLOWS 
= 0. 3 6 6 3 E-0 2
LCG
LCG
PAS* E = -0.6363 





LCG BAS* E = -0.5678 1/T = 0. 2 6 3 3 E - 0 2
Table B-9b 
Figure 9 Data for tert-Butylbenzene
PCINTS rCR THE GRAPH ARE AS FOLLOWS
LCG
LCG
B AS c G = — G .7942 
RAS E = -0.68 34




PAS c E = -0.7058 
BAS' e E = -C.7939
I/T = 0.3195E-02 
1/T = 0.3003E-02
LCG BAS* E = -0.8810 1/T = 0.2833E-02
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